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ABSTRACT 
 
 Ecology and the role of natural selection in lineage diversification has been a central 
topic in evolutionary biology since Darwin. At the macroevolutionary scale, this idea is 
embodied in the ecological theory of adaptive radiation, which posits that rapid diversification is 
driven by ecological adaptive radiation in which speciation is coupled with niche divergence. 
Within species, the theory of ecological speciation proposes that local adaptation drives 
speciation by reducing gene flow among populations occupying different environments either by 
directly reducing migration or by reducing the fitness of migrants. Much progress has been made 
testing these predictions in a multitude of organisms, but there remains a lack of studies 
addressing the role of ecology in diversification at multiple evolutionary scales within the same 
lineage. Herein, I use the Neotropical bird radiation of ovenbirds (Passeriformes: Furnariidae) as 
a model system to examine the role of ecology in speciation and lineage diversification. I show 
that, across furnariid subclades, rates of lineage diversification are best predicted by the rate of 
climatic-niche evolution rather than ecomorphological evolution, although both are clearly 
important. This result is consistent with a role for environmental gradients in driving speciation 
through the process of isolation-by-adaptation (IBA). I then compared the relative support for 
IBA against the null model of isolation-by-distance (IBD) in a species of furnariid, Cranioleuca 
antisiensis, that shows signs of incipient speciation and is distributed across a broad 
environmental gradient. Using genetic, phenotypic, and environmental data from across its 
distribution, I found evidence of local adaptation in body size. However, I found that IBD was 
the best explanation for genetic differentiation along the cline, suggesting a limited role for the 
environmental gradient in reducing gene flow among populations of C. antisiensis. Finally, I 
explore the properties of the speciation mechanism ‘speciation-by-extinction’. Speciation-by-
extinction (SBE) is an alternative to the standard model of allopatric speciation where speciation 
results from divergence accrued following the isolation of two undifferentiated populations. 
SBE, in contrast, proposes that speciation can result from the partitioning of standing phenotypic 
or genetic variation through the local extinction of intermediate populations. 
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CHAPTER 1 
INTRODUCTION 
 
 
In the Origin of Species, Darwin (1859) observed that the various species of Galapagos 
Finches (Geospiza) differed from one another in the size and shape of their bills and thus the 
food resources they were most adept at procuring. This prompted him to hypothesize that natural 
selection drove their morphological divergence and that this ultimately drove their 
diversification. The general idea that ecological diversification drives lineage diversification can 
be tested at different evolutionary scales. At the macroevolutionary scale, this idea is embodied 
in the ecological theory of adaptive radiation, which posits that rapid diversification is driven by 
ecological adaptive radiation in which speciation is coupled with niche divergence (Schluter 
2001). Within species, the theory of ecological speciation proposes that local adaptation drives 
speciation by reducing gene flow among populations occupying different environments (Doebeli 
& Dieckmann 2003; Sobel et al. 2010) either by directly reducing migration (Mayr 1963) or by 
reducing the fitness of migrants (Nosil et al. 2005). Much progress has been made testing these 
predictions in a multitude of organisms, but there remains a lack of studies addressing the role of 
ecology in diversification at multiple evolutionary scales within the same lineage. Herein, I use 
the Neotropical bird radiation of ovenbirds, woodcreepers, leaftossers and miners 
(Passeriformes: Furnariidae) as a model system to examine the role of ecology in speciation and 
lineage diversification. 
The ecological theory of adaptive radiation predicts that diversification rates should be 
positively correlated with rates of niche evolution among clades. At small spatial scales, niche 
divergence is reflected in morphological differences related to resource acquisition (Lack 1971; 
Liem 1973; Losos et al. 1997). At larger spatial scales, species may diverge in macro-habitat 
preferences (Baldwin 1997; Ingram 2011) or in climatic tolerances (Rice et al. 2003; Graham et 
al. 2004; Martínez-Cabrera & Peres-Neto 2013). Ecomorphology and the climatic-niche 
constitute alternative spatial scales at which a species niche can be quantified. However, studies 
of the role of niche evolution in diversification have generally focused on ecomorphological 
diversification, despite a growing appreciation for the role of climatic-niche divergence during 
speciation. In Chapter 2, I test these alternatives using a phylogeny of 298 species of ovenbirds 
(Aves: Furnariidae) and ecomorphological data and climatic data for the entire radiation of 
Furnariidae. I examine correlations between rates of niche evolution and both species richness 
and diversification rate across phylogenetically non-overlapping clades. I also employ a 
Bayesian modeling framework (Rabosky 2014) to determine if the dynamics of lineage 
diversification are similar to the dynamic of niche evolution. 
Although correlations between rates of lineage diversification and rates of niche 
evolution are suggestive of a role for ecology in driving speciation, they cannot reveal the 
underlying processes that generate such patterns. For this, it is crucial to understand the causes of 
phenotypic and genetic differentiation within species, as this variation is ultimately what is 
partitioned into species during lineage diversification. For instance, within a species undergoing 
incipient speciation, ecological speciation predicts a positive correlation between genetic 
differentiation and adaptive differentiation (isolation-by-adaptation, IBA, Rundle and Nosil 
2005; Schluter 2009; Shafer and Wolf 2013). The null model in these cases is that the amount of 
gene flow between populations decreases as the geographic distance between them increases and 
genetic divergence is due simply to the neutral effects of genetic drift (isolation-by-distance, 
IBD, Wright 1943; Slatkin 1993). In Chapter 3, I compare these two alternatives in a dramatic 
case of clinal phenotypic variation in an Andean songbird, the Line-cheeked Spinetail 
(Cranioleuca antisiensis). At its geographic extremes, this species shows a two-fold difference in 
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body size and plumage divergence typical of different species in this genus. However, these 
extremes are bridged by geographically and phenotypically intermediate populations allowing 
me to compare the relative importance of IBA and IBD. To do this, I analyze phenotypic, 
environmental, and genetic data (5,154 SNPs) from 172 individuals and 19 populations across 
the species’ linear distribution. 
The study of speciation is generally focused on understanding the evolutionary processes 
responsible for the generation of phenotypic or genetic divergences between populations. In this 
sense, whether divergence rises to the taxonomic level of species is immaterial to the study of 
speciation. However, the taxonomic necessity of delimiting species remains. The criteria for 
diagnosing species are as varied as the species concepts they pertain to, ranging from the 
diagnostic criterion of the phylogenetic species concept to the interbreeding criterion of the 
biological species concept. Operationally, all species concepts are united by their common goal 
of identifying phenotypic or genetic discontinuities among populations. However, the sensitivity 
of species-level taxonomy to the species concept employed corroborates the view that species do 
not exist as a fundamental biological realities, but rather as names placed by humans on 
perceived discontinuities in biological variation at a given point in time (Mallet 2001). When the 
practical reality of species as human constructs is acknowledged, speciation can be viewed as the 
formation of phenotypic or genetic discontinuity. Thus, any process that produces discontinuities 
is a potential speciation mechanism. The standard model of speciation is that discontinuities are 
formed when divergences accrue in geographically isolated populations. In Chapter 4, I explore 
an alternative model, 'speciation-by-extinction (SBE)', in which species-level discontinuities are 
generated by the partitioning of standing biological diversity within species through local 
extinction. Despite the regularity with which the idea of SBE has occurred throughout the history 
of evolutionary thought, its properties as a speciation mechanism have never been discussed 
explicitly in the speciation literature. The goal of this chapter is to elaborate on the general 
properties of the SBE model of speciation. 
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CHAPTER 2 
NICHE EVOLUTION AND DIVERSIFICATION IN A NEOTROPICAL RADIATION 
OF BIRDS (AVES: FURNARIIDAE) 
 
 
INTRODUCTION 
 
The ecological theory of adaptive radiation posits that rapid diversification is driven by 
ecological adaptive radiation in which speciation is coupled with niche divergence (Schluter 
2001). In this model, diversification rates should be positively correlated with rates of niche 
evolution. Although theoretical and empirical studies aimed at identifying clades with elevated 
diversification rates are widespread (Magallón & Sanderson 2001; Alfaro et al. 2009; Rabosky et 
al. 2014a), the predicted association between increased diversification rate and rapid niche 
evolution is seldom tested. 
Niche evolution can occur in two general, non-mutually exclusive ways. First, species 
may diverge in traits directly related to resource use such as microhabitat preferences 
(MacArthur 1958; Pianka 1969; Roderick & Gillespie 1998) and foraging strategies (Wagner et 
al. 2009). Here, niche divergence can be measured by morphological differences related to 
resource acquisition (Lack 1971; Liem 1973; Losos et al. 1997). Here, I use the term 
ecomorphology for these types of morphological traits (e.g., Losos 1990). Empirical evidence 
indicates that ecomorphological divergence can reduce competition among lineages (Losos et al. 
1997), which is often invoked to explain cases of rapid diversification (Grant 1999; Schluter 
2000; Gavrilets & Losos 2099).  
Alternatively, species may diverge in macrohabitat preferences (Baldwin 1997; Ingram 
2011) or in climatic tolerances (Rice et al. 2003; Graham et al. 2004; Martínez-Cabrera & Peres-
Neto 2013). These traits can be represented by the climatic-niche, which is the range of climatic 
conditions that a species occupies (Peterson et al. 2011). Speciation rates can be accelerated by 
adaptation to local climates, habitats or both (Endler 1977; Doebeli & Dieckmann 2003). 
Climatic-niche evolution also allows colonization of new geographic regions with further 
opportunities for allopatric speciation (Hughes & Eastwood 2006). 
If niche evolution is associated with speciation, then rates of niche evolution should be 
positively correlated with metrics of lineage diversification. Empirical evidence of this 
association is growing. Rabosky et al. (2013) found a strong positive relationship between rates 
of morphological evolution and rates of speciation in the ray-finned fishes. Across 16 
phylogenetically non-overlapping clades of salamanders, Adams et al. (2009) found no 
correlation with net diversification rates. However, across these same clades, Rabosky and 
Adams (2012) found that temporal variation in diversification rates obscured the positive 
relationship between rates of morphological evolution and species richness. The three prior 
studies (Kozak & Wiens 2006; Martínez-Cabrera & Peres-Neto 2013; Title & Burns 2015; 
Cooney et al. 2016) of which I am aware that examined the role of climatic-niche divergence 
found a positive relationship with lineage diversification rates and species richness. However, no 
empirical study has examined the relative importance of climatic-niche versus ecomorphological 
divergence on lineage diversification. 
 
 
Chapter 2 previously appeared as Seeholzer GF, Claramunt S, Brumfield RT (2017) 
Niche evolution and diversification in a Neotropical radiation of birds (Aves: Furnariidae). 
Evolution, 1–14. It is reprinted by permission of the Society for the Study of Evolution. 
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Here, I examine the role of niche evolution in diversification using the Neotropical bird 
radiation of the ovenbirds (Passeriformes: Furnariidae) as a model system. With ca. 300 species 
(Remsen 2003), Furnariidae constitutes one of the most species-rich bird families in the world. 
Furnariids are insectivorous yet utilize a large diversity of microhabitats and associated foraging 
substrates, some highly specialized (Remsen 2003). Most members of the family specialize on a 
single foraging substrate such as tree trunks, bromeliads, bamboo stems, bare ground, suspended 
dead leaves, a single species of palm tree, fallen logs and even the intertidal zone. This diversity 
of foraging substrates is reflected in the family’s extensive interspecific variation in tail, foot, leg 
and bill dimensions (Fig. 2.1). Indeed, the ecomorphological diversity of Furnariidae exceeds 
that of other closely related families (Claramunt 2010) and likely contains the greatest degree of 
morphological diversity of any bird family (Remsen 2003). The ecomorphological diversity of 
Furnariidae is mirrored in the outstanding diversity of environments they occupy. Furnariid 
species occur in virtually every terrestrial ecosystem in South America, from the bases of 
Andean glaciers at 5000 m above sea level to the lowland Amazon rainforest (Stotz et al. 1996; 
Remsen 2003). Although some clades have diversified primarily within a single habitat class or 
environment, others appear to have speciated across habitats and climatic gradients (Remsen 
2003; Sabat et al. 2006; Irestedt et al. 2009). 
If niche divergence drives speciation then I predict that rates of niche evolution should be 
correlated with variation in metrics of lineage diversification. I used ecomorphological data and 
climatic data for the entire radiation of Furnariidae to examine correlations between rates of 
niche evolution and both species richness and diversification rate across phylogenetically 
nonoverlapping clades. I also employed a Bayesian modeling framework (Rabosky 2014) to 
determine if the dynamics of lineage diversification are similar to the dynamics of niche 
evolution. 
 
 
 
MATERIALS AND METHODS 
 
Phylogeny and taxon sampling 
Data collection and phylogenetic comparative analyses were based on a previously 
published analysis of 284 of the 301 recognized species in the family Furnariidae (Derryberry et 
al. 2011; Remsen et al. 2014; TreeBASE 11550), including all recognized genera. For my 
analyses, I used a random sample of 1000 time-calibrated trees from the posterior distribution of 
a Bayesian joint estimation of topology and divergence times (BEAST v1.5.2) based on three 
mitochondrial genes and two nuclear introns, as well as the maximum clade credibility (MCC) 
tree (Derryberry et al. 2011). Seventeen species were not sampled in the phylogeny yet their 
sister species (or in two cases, sister clades) were known based on established taxonomic 
affinities (Remsen et al. 2014). For the PGLS analysis, I manually inserted these unsampled 
species into the phylogeny by adding a terminal branch to the midpoint of their sister lineage’s 
branch using the R package addTaxa (Mast et al. 2015). 
 
Ecomorphology 
To describe ecomorphological variation, I made linear measurements of 11 variables 
from the four major functional units of avian external anatomy related to resource acquisition: 
the bill, wings, legs and tail. The measurements examined were bill length, bill depth, bill width, 
wing length, wing length to the 10th primary, wing length to the first secondary feather, tarsus 
length, hallux length, maximum and minimum tail length, and tail feather width. Details on these 
measurements can be found in Claramunt (2010). All measurements were taken with a Mitutoyo 
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Digimatic Point Caliper by S. Claramunt and loaded directly into an electronic spreadsheet using 
an input interface. An average of 4.2 specimens per species were measured (range: 1–19). 
Morphometric data were deposited as an associated document file in MorphoBank 
(http://www.morphobank.org) as part of the Ecomorphological Evolution of the Furnariidae 
project. I added measurements of two species (Asthenes heterura and Pseudoseisura cristata) not 
included in the morphological analysis of Derryberry et al. (2011). 
I analyzed size and shape variation separately. I log-transformed all variables to analyze 
these log-normal measurements in an arithmetic scale for proportional measurements (Gingerich 
2000) and computed the mean for each species. I calculated the size of each species as the mean 
of the 11 log-transformed ecomorphological variables, i.e. the logarithm of the geometric mean 
size (Mosimann 1970). I calculated a vector of shapes for each species by subtracting its size 
from each of its log-transformed ecomorphological variables (Mosimann 1970; Mosimann & 
James 1979). I partitioned these 11 shape variables into their respective functional units (bill, 
wings, legs, tail) and conducted a phylogenetic principal components analysis on each unit 
(PPCA, Revell 2009). I used the function ‘phyla.pca’ in the phytools library in R (Revell 2012) 
on the covariance matrix of the mean species values for each functional module’s shape 
variables; I used a Brownian motion correlation structure based on the MCC tree. Following the 
Kaiser criterion for PCAs on the covariance matrix, I retained the first principal component from 
each functional unit’s phylogenetic PCA. Hereafter I refer to these principal components as bill 
shape, wing shape, leg shape and tail shape. The biological interpretations of the PC axes are 
summarized in Table 2.1. Factor loadings, eigenvalues and percent variance are presented in 
Appendix Table A.1. 
 
Climatic-niche 
The realized climatic-niche is the range of climatic conditions that a species occupies 
(Soberón & Peterson 2005). I quantified the realized climatic-niche using bioclimatic data 
extracted from occurrence records for each species. I gathered 23,588 georeferenced locality 
records (mean = 79.4 records/species, range = 1:786) representing all furnariid species. I 
obtained the locality records from three general sources: specimens, audio recordings and 
observational records. Specimen records were obtained from ORNIS (www.ornisnet.org). Audio 
records were obtained from Macaulay Library of Natural Sounds (Cornell Lab of Ornithology) 
and Xeno-Canto (www.xeno-canto.org). The coordinates of all documented records (both 
specimens and audio recordings) included in this study were vetted for accuracy using gazetteers. 
The third group of records came from observational data gathered by the eBird citizen science 
initiative (May 2013 release, Sullivan et al. 2009), which are extensively vetted by expert review 
(www.ebird.org). To further ensure accuracy, I applied additional filters to the observational 
records.  For each species, I then thinned all localities so that no two localities occurred within 1 
km of each other (corresponding to the resolution of the climatic data), except for species 
represented by ten or fewer localities. 
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Table 2.1. The niche axes analyzed in this study, the top loading variables for each principal 
component axis (except size), and each axis’ biological interpretation. 
 
Niche 
Axis 
Top Loading 
Variable(s) 
Biological 
Interpretation 
Climatic-niche  
ePC1 Mean Annual Precipitation Precipitation 
  Mean Diurnal Range 
ePC2 
Elevation 
Elevation & 
Temperature 
Evenness 
Isothermality 
Temperature 
Seasonality 
ePC3 
Precipitation of 
Warmest Quarter 
Precipitation 
Seasonality & 
Temperature 
Evenness 
Temperature Annual 
Range 
Isothermality 
Precipitation 
Seasonality 
Ecomorphology  
Size   overall body size 
Bill 
Shape bill length shape 
relative bill 
length 
Wing 
Shape tenth primary shape 
wing 
attenuation 
Leg 
Shape hallux shape 
relative leg 
length 
Tail 
Shape 
even loadings across all 
tail shape variables tail shape 
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For each locality record, I extracted elevation and 19 bioclimatic variables from the 
BioClim database of present-day climatic conditions (Hijmans et al. 2005) and obtained each 
variable’s mean value for all species. As for the shape data, to reduce the dimensionality of the 
climatic data, I conducted a PPCA (Revell 2009) on the mean species values for the bioclimatic 
variables using the MCC tree. To increase the interpretability of the PCA axes, I removed 
redundant variables from the dataset prior to ordination. The final bioclimatic variable set 
included elevation, four temperature variables and five precipitation variables (Appendix Table 
A.2). Because the bioclimatic variables were in fundamentally different units for temperature 
(°C) and precipitation (mm), I used the correlation matrix as opposed to the covariance matrix in 
the phylogenetic PCA (Flury 1997). Following the Kaiser criterion for PCAs on the correlation 
matrix, I retained the first three eigenvectors, which had eigenvalues greater than one. These first 
three eigenvectors explained 75% of the climatic variation. My biological interpretations of the 
climatic-niche axes are summarized in Table 2.1. Factor loadings, eigenvalues and percent 
variance are presented in Appendix Table A.2. 
My analysis quantifies the realized climatic-niche, which is the manifestation of intrinsic 
physiological tolerances as well as biotic interactions (competition, predation, disease, etc.), 
dispersal capabilities, and history (Pearson & Dawson 2003). Although the underlying trait of 
interest is the fundamental niche (Peterson et al. 2011), I know of no practical method of 
disentangling the effects of these processes on the realized climatic-niche from presence 
information alone. Further, the aim is to compare relative levels of differentiation in the climatic-
niche among furnariid species rather than to precisely delineate the climatic-niche of any one 
species. Therefore, I assumed that the differences in the realized climatic-niche among species 
are proportional to the differences in their fundamental climatic-niche. I also note that the 
differences in the realized climatic-niche among furnariid species correspond to biologically 
meaningful differences in overall vegetation and macro-habitat preferences at the continental 
scale encompassed by this study. Although more complex modeling approaches are often used to 
quantify climatic niches (Phillips & Dudik 2008; Peterson et al. 2011), at phylogenetic and 
geographic scales similar to this study, such models have been found to give results equivalent to 
a phylogenetic PCA on mean species values (Title & Burns 2015).  
 
Rate correlations among clades 
I divided the furnariid tree into a set of nonoverlapping clades by extracting the most 
inclusive clades from the tree whose crown ages were as old or younger than a predefined age 
threshold. Visually, this is akin to drawing a line down a phylogeny at a given age and extracting 
the clades that are as old or younger than the line (Fig. 2.1). I used the stem age of Cranioleuca 
as the threshold. Because topologies and branch lengths differ across the posterior distribution of 
trees, the stem age of Cranioleuca varied from tree to tree. The Cranioleuca clade was defined 
by the nodal location of the most strongly supported rate shift in the BAMM diversification 
analysis (see Results) and constituted a monophyletic group for all trees in the posterior 
distribution. I kept only clades with a minimum of five species and a maximum crown age not 
exceeding the stem age (given the tree) of the Cranioleuca clade. Due to variation in topology 
and branch lengths across the posterior, this approach resulted in varying numbers of clades for 
each tree ranging from 8 to 21, with a median of 16 clades. Division of the MCC tree resulted in 
16 clades. Information on clade membership and phylogenetic relationships for the MCC tree 
division can be found in Table 2.2, Appendix Table A.3 and Fig. 2.1. 
  
8	 	
 
Figure 2.1 Phenotypic diversity of Furnariidae and clade selection for PGLS analyses. Depicted 
is the maximum clade credibility tree of Furnariidae with the 16 clades selected by the PGLS 
clade selection algorithm highlighted in black for the MCC tree. The vertical dashed line 
represents the maximum age threshold (the stem-age of Cranioleuca). Illustrations are from 
Remsen (2003). 
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Table 2.2. Species richness, crown age, birth-death rate and Brownian motion rate of niche evolution for 16 phylogenetically non-overlapping 
clades of furnariids. Clade division and parameter estimates from MCC tree.  
Clade Species Richness 
Age 
(myr) 
Birth-
Death 
Rate 
σ2 Rate of Niche Evolution 
ePC1 ePC2 ePC3 Size  
Bill 
Shape 
Wing 
Shape 
Leg 
Shape 
Tail 
Shape 
Synallaxis Clade 1 17 6.75 0.288 4.706 2.262 2.138 1.9E-04 2.2E-04 2.5E-04 2.7E-04 1.1E-03 
Synallaxis Clade 2 10 6.802 0.184 1.092 0.664 1.317 6.4E-05 1.0E-04 2.1E-04 1.6E-04 2.9E-04 
Synallaxis Clade 3 5 4.639 0.163 1.397 0.373 1.951 1.3E-04 2.4E-04 5.6E-05 2.0E-04 4.0E-04 
Cranioleuca 28 4.604 0.481 15.167 4.885 3.333 7.3E-04 1.4E-03 3.5E-04 5.7E-04 5.1E-04 
Asthenes Clade 1 13 4.417 0.352 2.088 0.827 1.251 1.1E-04 2.1E-04 3.1E-04 9.4E-04 4.8E-03 
Asthenes Clade 2 10 4.506 0.255 1.692 3.136 0.405 2.5E-04 1.9E-04 2.1E-04 5.6E-04 1.4E-03 
Phacellodomus 10 5.635 0.279 3.752 2.962 1.301 8.9E-04 4.3E-04 2.8E-04 2.0E-04 1.8E-04 
Leptasthenura 5 5.304 0.144 1.275 4.807 0.141 2.0E-04 7.2E-05 7.7E-05 1.1E-05 4.9E-04 
Automolus 5 5.386 0.158 2.464 0.524 2.806 9.6E-05 8.7E-05 3.7E-04 2.3E-04 1.3E-04 
Syndactyla 8 5.552 0.216 3.441 0.361 1.364 2.5E-04 2.2E-04 1.5E-04 2.4E-04 1.6E-04 
Anabacerthia 5 6.485 0.114 0.497 0.59 0.49 7.4E-05 9.1E-05 1.6E-04 6.6E-05 8.6E-05 
Cinclodes 15 5.895 0.356 6.641 12.263 2.676 7.1E-04 1.1E-03 1.4E-04 7.6E-04 9.9E-04 
Upucerthia 5 6.166 0.019 2.303 8.49 0.396 1.6E-04 2.2E-04 2.2E-04 2.7E-04 2.3E-04 
Lepidocolaptes 8 5.151 0.202 2.743 0.752 0.723 9.1E-05 4.2E-04 7.9E-05 1.6E-04 1.1E-04 
Xiphorhynchus Clade 1 8 6.777 0.165 2.233 0.329 0.634 2.6E-04 2.7E-04 1.2E-04 3.7E-05 1.3E-04 
Xiphorhynchus Clade 2 6 6.739 0.137 0.459 0.312 1.028 2.7E-04 1.1E-04 3.8E-05 1.6E-04 3.8E-05 
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I analyzed the relationships between diversification rates and species richness with rates 
of trait evolution among clades using phylogenetic generalized least-squares regression (PGLS; 
Freckleton et al. 2002; Revell 2010). I estimated rates of lineage diversification using a birth-
death model, bd function in the laser R package (Nee et al. 1994). I estimated the rate of niche 
evolution for each clade as the Brownian rate parameter (σ2) for each niche axis (size, bill shape, 
wing shape, leg shape, tail shape, ePC1-ePC3) for all clade divisions from the posterior 
distribution of trees. To obtain the correlation structure, I used a tree with a single random 
representative of each clade. Predictor variables in the models were the three climatic-niche axes 
(ePC1-ePC3), the four shape axes, and body size. I also included crown age as a predictor. I 
compared models resulting from all possible combinations of these predictor variables (n = 511) 
for the birth-death diversification rate and log species richness. I ran each model across the 1000 
sets of parameter estimates for each of the 1000 trees sampled from the posterior distribution. 
For each tree in the posterior I compared models using AICc and computed AICc weights 
(Symonds & Moussalli 2011). I report all model parameters as the median value from across the 
posterior distribution. All PGLS analyses were conducted in the R v. 3.1.2 statistical computing 
environment (R Development Core Team 2011) using the ‘pgls’ function in the caper package 
(Orme et al. 2013). 
 
BAMM Diversification Dynamics 
 The analysis of rate correlations among clades allows for variation across clades but 
assumes that lineage diversification rates are uniform within clades. To test this assumption, I 
modeled the diversification dynamics of Furnariidae as a heterogeneous mixture of diversity-
dependent and constant-rate diversification processes (i.e. rate regimes). I used the Bayesian 
modeling framework BAMM (Rabosky 2014), which employs a transdimensional Markov Chain 
Monte Carlo process to estimate the posterior distribution of the likely locations of regime shifts. 
A given rate regime is characterized by its own dynamic rate that may vary through time. Shifts 
between regimes may occur anywhere on the phylogeny. BAMM models the number of total 
shifts across the tree under a compound Poisson process and makes no a priori assumptions 
about the locations of regime shifts. Each unique configuration of shift presences and absences 
on one or more branches in the phylogeny is referred to as a distinct shift configuration and the 
MCMC samples shift configurations in proportion to their posterior probability (for additional 
information see Rabosky 2014; Rabosky et al. 2014). BAMM estimates rates of both speciation 
and extinction, rather than a composite diversification rate. Because my question is focused on 
the effect of niche divergence on speciation (Rabosky et al. 2014a), I focus on estimated 
speciation rates. 
I used BAMM 2.5 to run three separate analyses with different starting seeds for 50 
million generations. I determined appropriate priors using setBAMMpriors function in the R 
package BAMMtools 2.0.2 (Rabosky et al. 2014b). I checked for convergence with log-
likelihood plots and ensured effective sample size of the log-likelihood and the number of shift 
events were both above 200. I accounted for incomplete taxon sampling analytically by 
providing the proportion of species missing for furnariid clades (Appendix Table A.5). I also 
examined whether the posterior distribution sampled by BAMM was sensitive to the prior 
distribution of the proposed number of rate shifts (Moore et al. 2016), as specified by the 
hyperprior parameter expectedNumberOfShifts. I ran BAMM using expectedNumberOfShifts 
equal to 1, 10, 50, 100, 250, and 500.  
I assessed the evidence for multiple shifts using Bayes factors with BAMMtools’ 
function computeBayesFactors. I identified the most likely shift locations by analytically 
removing shift configurations with shifts that occurred at very low frequencies in the posterior 
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(Rabosky et al. 2014b). To do this I calculated the prior and posterior probability of models with 
one rate shift and models with no rate shifts for each branch, which I used to compute the 
marginal odds (hereafter nodal marginal odds). 
 I also explored niche diversification dynamics using BAMM. However I found that the 
posterior distribution was sensitive to the prior for the number of rate shifts. This sensitivity was 
likely due to a combination of rate heterogeneity and the inadequacy of the underlying model of 
trait evolution, Brownian motion, for the traits examined (see Model Fitting and Model 
Adequacy). I present these results and discussion of BAMM’s behavior with respect to the trait 
data (climatic-niche and morphology) in Appendix A. 
 
Model Fitting and Model Adequacy 
I estimated the rate of trait evolution for PGLS from a Brownian motion (BM) model. 
Prior to drawing conclusions based on a BM model, it is important to assess the adequacy of BM 
for modeling the evolution of both morphological traits and the climatic-niche (Boettiger et al. 
2012; Boucher et al. 2014) and if not adequate, to determine in what ways the data deviates from 
a BM model. Tests of relative model fit (AIC rankings) do not give any information about how 
good, in absolute terms, a model describes the evolution of a trait.  
I determined the absolute fit of BM to the data as well as alternative models of trait 
evolution that allowed for constraints (Ornstein-Uhlenbeck (OU)), rate variability through time 
(delta model), and punctuational evolution (kappa model). I compared summary statistics 
derived from the empirical maximum-likelihood parameter values of the model to a distribution 
of these same summary statistics derived from 1000 datasets simulated under the same model 
(Pennell et al. 2015). Six summary statistics are calculated for each dataset based on independent 
contrasts (Felsenstein 1985) that capture the common ways that continuous trait data may deviate 
from the expectations of BM. Because these summary statistics are used for testing deviations 
from BM, for the non-BM models I transformed the tree so that the branch lengths were, 1) 
proportional to the amount of variance expected to accrue along it based on the parameter values 
of the model, and 2) standardized so that the distribution of trait data on the tree was equal to that 
of a BM model with σ2 of 1 (Pennell et al. 2015). I fit models with the R package geiger 
(Harmon et al. 2007). I transformed trees, simulated data, and calculated summary statistics with 
the R package arbutus (Pennell et al. 2015).  
I compared these four alternative models of trait evolution across the entire Furnariidae 
phylogeny and for the subclades in the PGLS analysis (both using the MCC tree). For each trait-
by-model combination, I simulated 1000 datasets and compared the distribution of the simulated 
summary statistics to the empirical ones. I report p-values that represent the two-tailed 
probability that the observed summary statistic falls within its simulated distribution. The lower 
the p-value the more likely that the model is inadequate (Pennell et al. 2015). I considered tests 
with p-values < 0.05 to be evidence of significant deviation from the proposed model. For 
comparison, I also determined the relative fit of the four models to the data using AICc. 
 
 
 
RESULTS 
 
Model Fitting and Model Adequacy 
 Model adequacy tests revealed widespread deviations from the expectations of the 
models of trait evolution when assessed over the entire Furnariidae radiation (Table 2.3). Of all 
niche axes, size, bill shape, and wing shape appeared to deviate the least from the expectations of 
kappa and Brownian models. For both models, the only major deviation came from the CVAR 
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statistic, which suggests rate heterogeneity (Pennell et al. 2015) but nonetheless supports a 
speciational model for these ecomorphological niche axes. This was not the case for leg shape, 
tail shape, and the three climatic-niche axes, all of which deviated considerably from the 
expectations of all models analyzed.   
 I recovered strikingly different results for the model adequacy tests of each subclade 
selected for the PGLS analysis. I found that BM was overwhelmingly supported as the best-fit 
model across clades and niche axes relative to the OU, delta, and kappa models (Table 2.4). In 
most cases, observed summary statistics fell within the distributions simulated under pure BM 
(Table 2.4), indicating that the niche axes did not deviate significantly from the expectations of 
BM motion at the subclade level.  
Many of the subclades were small with fewer than ten tips (Table 2.2). For such clades, a 
signal of departures from a BM model will not be strong, even if evolving under an alternative 
(but similar) model such as OU (but see Cooper et al. 2015 regarding a bias towards OU models 
for small clades). Regardless, the goal was not to determine the mode of trait evolution precisely 
but to estimate the rate of trait evolution. I found the BM model to be a good approximation for 
this purpose at this level of sample size. Trying to use more complex models of trait evolution 
just to estimate the rate of evolution may not be justified and may result in biased estimates 
(Cooper et al. 2015, Ho & Ané 2014). 
 
PGLS Regressions 
I examined correlations between species richness and rates of diversification with rates of 
niche evolution (Table 2.2) using PGLS regression across the posterior distribution of furnariid 
trees. I found that the rates of evolution of the primary and tertiary climatic-niche axis (ePC1, 
ePC3), bill shape, leg shape, and size were all significant univariate predictors of diversification 
rate and species richness (Fig. 2.2). The best univariate predictors of diversification rate were bill 
shape (median adj. R2 = 0.565) and ePC1 (median adj. R2 = 0.538). In contrast, ePC1 was the 
best predictor of species richness (median adj. R2 = 0.552) followed less closely by bill shape 
(median R2 = 0.464). To determine the relative effect of each predictor while controlling for the 
influence of all other predictors, I used AIC model averaging (Burnham & Anderson 2002). I 
found considerable model uncertainty when I compared all possible univariate and multivariate 
models, indicated by universally small AICc weights (wtAICc  < 0.05), further justifying a model-
averaging approach. The summed AICc weight (wtAICc*) is a cumulative estimate of the 
importance of a predictor controlling for all other predictor variables. I found that the primary 
climatic-niche axis (ePC1) was the best predictor of both diversification rate and species richness 
based on its high summed wtAICc (Table 2.5a). The next best predictor was leg shape, but it did 
not approach the importance of ePC1. Finally, I found ePC1 to be a stronger predictor of species 
richness than diversification rate relative to the other predictors (Table 2.5). 
The Cranioleuca clade had the highest diversification rate as well as some of the highest 
rates of climatic-niche and ecomorphological evolution, potentially driving the significant 
positive associations but the results were robust to the exclusion of the Cranioleuca clade 
(Appendix Fig. A.1, Appendix Table A.6).  
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Figure 2.2. Diversification rates and species richness are positively correlated with rates of 
climatic-niche (ePC1, ePC3) and bill shape evolution, and, to a lesser degree, rates of size, and 
leg shape evolution. Plots depict relationships between the Brownian motion rate parameter for 
eight niche axes and (a) birth-death (bd) diversification rate or (b) species richness across 16 
phylogenetically non-overlapping clades within Furnariidae. Data and regression parameters are 
median values from posterior distribution of trees; see Table 2.5 for model-averaged results from 
posterior. Regression lines plotted for P-values < 0.05. The Cranioleuca clade is represented by a 
diamond. 
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Table 2.3. Results of model selection and model adequacy tests for niche axes across the entire tree. Left of dashed line: Brownian motion 
(BM) is a poor fit relative to alternative models Ornstein-Uhlenbeck (OU), delta, and kappa for all traits by bill shape as indicated by AICc 
scores and weights (wtAICc). Right of dashed line: P-values for each niche axis-by-model test representing the probability that the observed 
summary statistic deviates from the expectations of the model (based on 1000 simulations). The lower the p-value the more likely that the 
model is inadequate. P-values less than 0.05 are in bold. See Methods and Pennell et al. (2015) for details on the summary statistics. 
Niche Axis Model AICc ΔAICc wtAICc MSIG CVAR SVAR SASR SHGT DCDF 
ePC1 BM 1785.003 128.09 0 0.891 < 0.001 < 0.001 < 0.001 < 0.001 0.099 
 OU 1712.632 55.719 0 0.891 < 0.001 < 0.001 0.317 < 0.001 0.158 
 delta 1745.107 88.194 0 0.970 < 0.001 < 0.001 0.079 < 0.001 0.277 
 kappa 1656.913 0 1 0.950 0.733 < 0.001 0.079 0.040 0.832 
ePC2 BM 1610.311 151.194 0 0.970 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
  OU 1459.117 0 1 0.832 < 0.001 < 0.001 0.040 0.020 < 0.001 
  delta 1561.673 102.556 0 0.673 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
  kappa 1487.998 28.881 0 0.851 < 0.001 < 0.001 < 0.001 0.040 0.079 
ePC3 BM 1438.324 199.18 0 0.970 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
 OU 1239.144 0 1 0.812 0.238 < 0.001 < 0.001 0.535 0.634 
 delta 1386.194 147.05 0 0.950 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
 kappa 1307.122 67.978 0 0.851 0.020 < 0.001 < 0.001 < 0.001 0.257 
size BM -923.034 5.499 0.056 0.871 < 0.001 0.059 0.950 0.614 < 0.001 
  OU -921.835 6.698 0.031 0.832 < 0.001 0.079 0.950 0.832 < 0.001 
  delta -921.727 6.806 0.029 0.950 < 0.001 0.139 0.931 0.871 < 0.001 
  kappa -928.533 0 0.883 0.851 < 0.001 0.970 0.950 0.257 < 0.001 
bill shape BM -780.779 2.73 0.161 0.970 < 0.001 0.139 < 0.001 0.495 0.079 
 OU -779.69 3.819 0.093 0.990 < 0.001 0.475 0.020 0.733 0.178 
 delta -780.144 3.365 0.117 0.851 < 0.001 0.257 < 0.001 0.891 0.059 
 kappa -783.509 0 0.629 0.970 < 0.001 0.950 < 0.001 0.495 0.099 
wing shape BM -1074.571 9.594 0.008 0.970 0.020 0.099 0.515 0.317 0.634 
  OU -1073.823 10.342 0.006 0.752 < 0.001 0.238 0.832 0.931 0.158 
  delta -1073.282 10.883 0.004 0.911 0.020 0.158 0.614 0.812 0.317 
  kappa -1084.165 0 0.982 0.891 0.059 0.356 0.772 0.634 0.515 
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Table 2.3 continued          
           
Niche Axis Model AICc ΔAICc wtAICc MSIG CVAR SVAR SASR SHGT DCDF 
leg shape BM -976.108 23.34 0 0.990 < 0.001 < 0.001 < 0.001 0.020 0.040 
 OU -980.007 19.441 0 0.891 < 0.001 < 0.001 0.040 0.218 < 0.001 
 delta -976.719 22.729 0 0.851 < 0.001 < 0.001 0.040 0.040 0.020 
 kappa -999.448 0 1 0.871 0.020 0.317 < 0.001 0.099 < 0.001 
tail shape BM -770.348 47.135 0 0.891 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
  OU -817.206 0.277 0.465 0.970 < 0.001 < 0.001 < 0.001 < 0.001 0.020 
  delta -801.166 16.317 0 0.812 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
  kappa -817.483 0 0.534 0.911 < 0.001 < 0.001 < 0.001 < 0.001 0.020 
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Table 2.4. Results of model selection and model adequacy tests for niche axes across 16 phylogenetically nonoverlapping subclades from the 
MCC tree. In each cell, the best fit model for the clade-by-niche axis pairing is followed by the proportion of the six summary statistics for 
which the observed data did not deviate significantly (p-value > 0.05) from the expectations of BM (based on 1000 simulations). See 
Methods, Table 2.2 and Pennell et al. (2015) for information about the summary statistics and significance tests. Larger values of the 
proportion indicate an overall better fit of the BM model given the niche data and tree of the subclade.  
 
  Niche Axes 
  ePC1 ePC2 ePC3 size 
bill 
shape 
wing 
shape 
leg 
shape 
tail 
shape 
C
la
de
s 
Anabacerthia BM, 0.8 BM, 1.0 BM, 0.8 BM, 1.0 BM, 1.0 BM, 1.0 BM, 0.8 BM, 0.7 
Asthenes Clade 1 BM, 1.0 BM, 0.3 BM, 0.8 BM, 0.8 BM, 0.5 BM, 0.7 BM, 0.7 BM, 1.0 
Asthenes Clade 2 BM, 1.0 BM, 0.8 BM, 0.5 BM, 0.8 BM, 0.8 BM, 0.7 BM, 0.8 BM, 1.0 
Automolus BM, 1.0 BM, 0.8 BM, 0.3 BM, 0.3 BM, 0.5 BM, 1.0 BM, 0.5 BM, 0.8 
Cinclodes BM, 1.0 BM, 0.5 BM, 0.7 BM, 1.0 BM, 0.7 BM, 0.8 BM, 0.8 BM, 0.3 
Cranioleuca BM, 0.5 BM, 0.8 BM, 0.7 kappa, 0.5 BM, 0.7 kappa, 0.7 BM, 0.8 BM, 0.7 
Lepidocolaptes BM, 0.8 BM, 0.7 BM, 0.8 BM, 0.8 BM, 0.8 BM, 0.8 BM, 0.8 BM, 0.8 
Leptasthenura BM, 0.7 BM, 0.3 BM, 0.8 BM, 0.3 BM, 0.7 BM, 1.0 BM, 0.8 BM, 0.3 
Phacellodomus BM, 0.5 BM, 0.5 BM, 1.0 BM, 1.0 BM, 0.5 BM, 0.7 BM, 0.5 BM, 0.7 
Synallaxis Clade 1 BM, 1.0 BM, 1.0 BM, 0.8 BM, 0.8 BM, 1.0 BM, 0.8 BM, 0.8 BM, 0.5 
Synallaxis Clade 2 BM, 0.8 BM, 1.0 BM, 0.8 BM, 0.8 BM, 1.0 BM, 0.8 BM, 1.0 BM, 0.7 
Synallaxis Clade 3 BM, 0.8 BM, 1.0 BM, 0.8 BM, 0.8 BM, 0.5 BM, 0.8 BM, 0.8 BM, 0.7 
Syndactyla BM, 0.8 BM, 0.7 BM, 1.0 BM, 0.8 BM, 0.7 BM, 0.5 BM, 1.0 BM, 0.5 
Upucerthia BM, 0.8 BM, 0.8 BM, 1.0 BM, 0.5 BM, 1.0 BM, 0.8 BM, 1.0 BM, 0.8 
Xiphorhynchus Clade 1 BM, 0.8 BM, 1.0 BM, 0.5 BM, 0.7 BM, 0.7 BM, 0.8 BM, 0.8 BM, 0.7 
Xiphorhynchus Clade 2 BM, 0.8 BM, 1.0 BM, 0.7 BM, 0.7 BM, 0.8 BM, 1.0 BM, 0.3 BM, 1.0 
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Table 2.5. Modeled-averaged parameter estimates from phylogenetic generalized least squares 
regressions to examine univariate and multivariate relationships between rates of niche evolution 
and lineage diversification across independent furnariid clades; a) birth-death rate, b) log species 
richness. Note wtAICc* values are the summed wtAICc values for each model containing the 
predictor variable, as such, they will not sum to one. Top models are in bold.  
 
 
Response Predictor β+/-SE wtAICc* 
A. div. rate (bd) crown age 43.276+/-9.487 0.165 
 
div. rate (bd) ePC1 rate 0.005+/-0.011 0.719 
 
div. rate (bd) ePC2 rate 0.032+/-0.005 0.235 
 
div. rate (bd) ePC3 rate 0.062+/-0.004 0.15 
 
div. rate (bd) size rate 55.805+/-2.2 0.399 
 
div. rate (bd) bill shape rate 68.727+/-16.69 0.29 
 
div. rate (bd) leg shape rate 80.201+/-18.56 0.377 
 
div. rate (bd) tail shape rate 77.813+/-33.701 0.604 
 
div. rate (bd) wing shape rate 42.091+/-5.749 0.135 
     B. log richness crown age 248.957+/-67.796 0.192 
 
log richness ePC1 rate 0.029+/-0.072 0.828 
 
log richness ePC2 rate 0.023+/-0.002 0.152 
 
log richness ePC3 rate 0.087+/-0.005 0.154 
 
log richness size rate 165.366+/-6.33 0.172 
 
log richness bill shape rate 307.294+/-68.499 0.247 
 
log richness leg shape rate 468.609+/-74.862 0.401 
 
log richness tail shape rate 323.703+/-116.111 0.486 
 
log richness wing shape rate 230.316+/-16.336 0.147 
 
Bayesian Analysis of Lineage Diversification 
 I found strong evidence for heterogeneity in speciation rates across the Furnariidae. 
Bayes factor model support for one vs. two and two vs. zero shifts were essentially equal (Bayes 
factor = 24.6 and 24.8, respectively). The most strongly supported rate shift occurred at the base 
of the genus Cranioleuca (Fig. 2.3a), whereas the location of the second shift was undetermined. 
After filtering non-core shift locations with low marginal odds, I identified 25 distinct shift 
configurations sampled more than expected based on the prior alone. These configurations 
cumulatively accounted for 95% of the posterior probability (Fig. 2.3b). Of the core shifts in 
these configurations, five included a rate shift at the base of or within the Cranioleuca clade and 
occurred in 76% of the posterior distribution. This clade contains all members of the arboreal 
spinetails, Cranioleuca, among which are embedded the monotypic genera Limnoctites and 
Roraimia, as well as the six species of the paraphyletic genus Thripophaga, the softtails. These 
results were consistent across all three independent BAMM runs and were robust to changes in 
the prior expectations for the number of rate shifts (Appendix Fig. A.3).  
 The rate shift at the base of the Cranioleuca clade had a substantial effect on the rate of 
speciation. The mean time-averaged speciation rate across the posterior distribution of shift 
configurations for Cranioleuca was 0.45 species per myr (90% HPD 0.19 – 0.65), over three 
times greater than the mean, 0.16 species per myr (90% HPD 0.14 – 0.17), for the rest of 
Furnariidae. 
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DISCUSSION 
 
I examined patterns of variation in rates of niche evolution and their relative power to 
explain variation in rates of lineage diversification. As predicted by several evolutionary theories 
including the ecological theory of adaptive radiation (Schluter 2000) and punctuated equilibrium 
(Gould and Eldridge 1977, Ricklefs 2004), I found that rates of bill shape evolution and, to a 
lesser degree, size and leg shape evolution, were associated with variation in diversification rates 
and species richness among furnariid clades (Fig. 2.2). However, I also found that the rate of 
climatic-niche evolution was a strong predictor of diversification rates and species richness. 
When these alternative models were compared using an information-theoretic approach, I found 
that the rate of climatic-niche (ePC1) evolution was the best predictor of diversification rates and 
species richness among furnariid clades after controlling for all other predictors (Table 2.5). 
These results provide further support to the growing body of evidence that variation in 
rates of climatic niche evolution are associated with variation in lineage diversification (Kozak & 
Wiens 2010; Martínez-Cabrera & Peres-Neto 2013; Title & Burns 2015). Although more studies 
are needed to determine the generality of this relationship, these results suggest that, at least at 
relatively shallow phylogenetic time scales, variation in rates of climatic-niche evolution may be 
at least as important to generating variation in net diversification rates and species richness 
among clades as morphological evolution (although see Kozak et al. 2006). Indeed, both have 
clearly played a role in the diversification of Furnariidae. To the best of my knowledge, this 
study is the first to directly compare the relative importance of variation in rates of 
ecomorphological versus climatic-niche evolution on lineage diversification.  
 
Lineage Diversification 
Diversification analyses of Furnariidae using stepwise model-selection methods 
(MEDUSA, Alfaro et al. 2009) found evidence for increased diversification rates near the base of 
the sub-family Furnariinae as well as near the base of Cranioleuca (Derryberry et al. 2011; 
Claramunt et al. 2012). Although my results also confirm a rate shift occurred at the base of 
Cranioleuca, I found limited support for rate shifts elsewhere in the tree (Fig. 2.3). Furthermore, 
of the rate shifts that were sampled by BAMM apart from those subtending Cranioleuca, none 
corresponded in even approximate location to the rate shift at the base of Furnariinae inferred in 
previous analyses (Derryberry et al. 2011; Claramunt et al. 2012). The solitary rate shift at the 
base of Cranioleuca is not particularly surprising given that this genus has almost double the 
species richness of any other clade of similar age. 
  Although I accounted for missing biological species analytically, it is possible that the 
species richness of Furnariidae may be underestimated by the taxonomy used in the phylogeny 
due to a preponderance of distinct evolutionary lineages within any given biological species in 
the Neotropics (Tobias et al. 2008; Sanín et al. 2009; Sousa-Neves et al. 2013; D’Horta et al. 
2013). I conducted a preliminary investigation of the impact of missing tips by repeating the 
BAMM diversification analysis on a tree including an additional 66 distinct evolutionary 
lineages, i.e. subspecies (Tobias et al. 2013). The results were robust to the addition of 
evolutionary units below the species level to the tree; I again found that the only significant 
speciation rate shift present in the tree occurred at the base of Cranioleuca (Appendix Fig. A.2).  
 
Brownian Motion and Niche Evolution  
I found that although the trait data deviated considerably from the expectations of BM at 
the scale of the entire Furnariidae tree, the subclade analysis failed to identify major deviations 
from BM (Table 2.3). I suspect that rate heterogeneity among clades is the most likely  
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Figure 2.3. Evolutionary dynamics of speciation in Furnariidae inferred from BAMM. Depicted 
are the a) mean branch specific evolutionary rates inferred from BAMM. The grey circles are 
placed at nodes on the trees representing the core shift configuration with the highest posterior 
probability. b) The 95% credible set of shift configurations. These nine distinct shift 
configurations account for 96% of the posterior distribution. Gray circles represent rate shifts. 
Each branch is color-coded based on the mean of the marginal posterior density of the 
evolutionary rate for their respective BAMM analyses. Blues indicate slower evolutionary rates. 
Reds indicate faster evolutionary rates. Figures derived from analyses with hyperprior 
expectedNumberOfShifts = 1. 
 
 
 
explanation for this discrepancy between the family-level and the subclade evaluations. First, 
rate heterogeneity is entirely expected for a family with such a large diversity of ecologies and 
morphological variation. Second, the results from the BAMM trait analyses found widespread 
rate heterogeneity in both the climatic-niche and ecomorphology, despite sensitivity to the prior 
(see Supplemental Material). Finally, I found that the CVAR statistic from the model adequacy 
simulations consistently suggested rate heterogeneity in the dataset. All the subclades might have 
evolved under BM (the model adequacy tests support this), but they are evolving at different 
rates (as seen in the PGLS and BAMM analyses), thus resulting in a poor fit of a single-rate BM 
in the entire tree. 
 
Cranioleuca Speciation 
South American bird diversification has been attributed mostly to the allopatric 
divergence of populations separated by geographic barriers such as rivers and mountains (Mayr 
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1942a; Ribas et al. 2012); however, this framework may not fully explain patterns of divergence 
within Cranioleuca. Although some speciation events within Cranioleuca can be attributed to 
geographic isolation without climatic-niche divergence (C. albiceps – C. marcapatae), 
Cranioleuca’s elevated rate of diversification is likely due to the additional species richness 
generated by rapid speciation across climatic gradients (Hendry et al. 2007). 
The genus Cranioleuca has one of the widest elevational distributions of any Neotropical 
bird genus (0 – 4800 m). At the extremes, seven species occur in various habitats within the 
Amazon basin and yet others occupy high-elevation Polylepis woodland of the Andes up to 4800 
m, the highest forested landscape in the world. Additionally, Cranioleuca has also diversified in 
both the wettest and driest regions of the Neotropics. These varied environments may have 
exposed members of Cranioleuca to strong selection for physiological adaptations to high 
elevation (McCracken et al. 2009; Cheviron & Brumfield 2011; Bulgarella et al. 2012; Dubay & 
Witt 2014) and for water conservation (Lillywhite & Navas 2004). Under such selective 
pressures, local adaptation will result in maladapted immigrants reducing gene flow across 
environmental gradients. In addition, local adaptation may also drive divergence in phenotypic 
characters associated with reproductive isolation (Schluter 2009). For instance, plumage 
evolution in Cranioleuca appears to occur rapidly (Remsen 1984a) and there is evidence for 
color matching to habitat (Maijer & Fjeldsâ 1997; Claramunt 2002), which may result in 
modification of color patches used for reproductive displays. Additionally, divergence in 
vocalizations, the principal premating reproductive isolating mechanism in birds (Price 2007), 
may be influenced by morphological divergence in characters such as body size or bill 
morphology due to local adaptation (Derryberry et al. 2012), although Cranioleuca species are 
relatively uniform vocally (Maijer & Fjeldsâ 1997).  
Perhaps the strongest evidence from within the genus for the role of climatic niche 
divergence in driving speciation comes from the Cranioleuca antisiensis species complex. This 
sedentary, arboreal insectivore occupies a compact, linear distribution in the Andes of Peru along 
an elevational gradient (950 - 4800 m) that spans dramatically different climatic-niches. 
Phenotypic variation in plumage, morphology and song are tightly correlated with the 
environmental gradient across which the species is distributed (G. Seeholzer in prep). Vocal 
variation is likely due to natural selection for body size as per Bergmann’s Rule (James 1970), 
which increases clinally more than twofold, 12.5 – 30.0 g. Divergence between the clinal 
extremes in these characters is so profound that these populations are often considered separate 
species. 
 
Conclusions 
Given the tremendous ecomorphological variation of Furnariidae (Remsen 2003; 
Claramunt 2010) and the popularity of adaptive radiation models, it may not be surprising that 
variation in lineage diversification is significantly predicted by ecomorphological traits such as 
size, bill shape and leg shape. However, I found that variation in rates of climatic-niche evolution 
may be more important in generating variation in rates of lineage diversification and species 
richness within Furnariidae. Divergence in the climatic-niche is generally associated with 
allopatric distributions, the dominant mode of speciation in birds (Price 2007), and may 
influence diversification more directly. Although ecomorphology is likely to diverge as a result 
of climatic-niche divergence, this is not necessarily what restricts gene flow between 
populations. Still, ecomorphological divergence may still be important in the diversification of 
Furnariidae by providing a means of second sympatry, by reducing competition, which allows 
for the accumulation of regional species richness and further diversification within clades (Pigot 
& Tobias 2013). Examination of either ecomorphology or the climatic-niche separately, as has 
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been done in all previous studies (but see Adams et al. 2009; Kozak and Wiens 2010; Rabosky 
and Adams 2012), does not fully capture the different spatial scales at which the niche can 
interact with diversification. By quantifying both ecomorphology and the climatic-niche within a 
single phylogenetic framework, a more nuanced view of the influence of these important traits 
on diversification can be obtained.   
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CHAPTER 3 
LOCAL ADAPTATION RESULTS IN DRAMATIC BODY SIZE CLINE ACROSS AN 
ENVIRONMENTAL GRADIENT WITHOUT INCIPIENT ECOLOGICAL 
SPECIATION IN AN ANDEAN SONGBIRD, CRANIOLEUCA ANTISIENSIS (AVES: 
FURNARIIDAE) 
 
 
INTRODUCTION 
 
Environmental gradients often result in divergent natural selection that can lead to 
adaptive phenotypic divergence between populations occurring at different points on the gradient 
(Endler 1977). This process, local adaptation, can be a catalyst of speciation by reducing gene 
flow among populations occupying different points on the environmental gradient (Doebeli & 
Dieckmann 2003; Sobel et al. 2010) either by directly reducing migration (Mayr 1963) or by 
reducing the fitness of immigrants (Nosil et al. 2005). Both scenarios, encompassed by the term 
ecological speciation, will result in a positive correlation between genetic differentiation and 
adaptive differentiation (isolation-by-adaptation, IBA, Rundle and Nosil 2005; Schluter 2009; 
Shafer and Wolf 2013). If the phenotypic target of selection is not known or not easily measured, 
then environmental variation can be used as a proxy (isolation-by-environment, IBE, Wang and 
Bradburd 2014). The null model in these cases is that the amount of gene flow between 
populations decreases as the geographic distance between them increases and genetic divergence 
is due simply to the neutral effects of genetic drift (isolation-by-distance, IBD, Wright 1943; 
Slatkin 1993). However, it is unclear which of these processes is most important to speciation 
due to the difficulty in distinguishing patterns of IBA or IBE from the pattern of IBD. 
Ecological speciation predicts patterns of IBA or IBE. Between species, ecological 
speciation predicts environmental divergence will be associated with adaptive phenotypic 
divergence. The latter prediction is implicit in studies documenting niche divergence between 
closely related species (Graham et al. 2004; Blair et al. 2013; Caro et al. 2013) as well as in 
macroevolutionary studies testing for correlations between rates of niche evolution and lineage 
diversification (Adams et al. 2009; Kozak & Wiens 2010; Rabosky & Adams 2012; Rabosky et 
al. 2013; Martínez-Cabrera & Peres-Neto 2013; Title & Burns 2015; Cooney et al. 2016; 
Seeholzer et al. 2017). However, such correlations between phenotypic and environmental 
variation, either within or between species, may be due to spatial autocorrelation with neutral 
processes. Neutral phenotypic clines are likely to be found along environmental gradients due to 
spatial population expansion (Antoniazza et al. 2014), admixture between previously isolated 
populations (Novembre & Di Rienzo 2009), or IBD. However, the signatures of these neutral 
processes are generally not discernable after speciation is complete. Examination of clinal 
adaptive variation within species, where the intermediate steps on the path to speciation are still 
observable, is paramount to assessing the role of ecological speciation in diversification. 
Local adaptation along environmental gradients is expected to lead to adaptive 
phenotypic clines that correlate with environmental variation (James 1970; Antoniazza et al. 
2010; VanderWerf 2012). Such adaptive phenotypic clines provide evidence for natural 
selection's role in phenotypic divergence (Mayr 1963; James 1991; Coyne & Orr 2004) and the 
opportunity to test the relative importance of natural selection and genetic drift in structuring 
genetic variation among populations. For example, Bergmann’s Rule is the tendency for 
populations of a homeothermic species to have larger body sizes in colder climates (Bergmann 
1847). The thermoregulatory advantages conferred by a reduced surface area to volume ratio is 
the leading hypothesis for this pattern in endotherms (Ashton 2002; Salewski & Watt 2016). 
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Body size clines that are correlated with temperature gradients are common in nature, 
particularly in birds (Meiri & Dayan 2003). Such clines are most commonly observed within 
species, but closely related species also show the pattern (Ashton 2002) suggesting a role for 
local adaptation in speciation.  
Here, I test for natural selection’s role in generating a dramatic case of clinal phenotypic 
variation and rapid genetic differentiation across an elevational gradient in an Andean bird: the 
Line-cheeked Spinetail (Cranioleuca antisiensis). This sedentary, arboreal insectivore occupies a 
comparatively small, linear distribution in the Andes from southern Ecuador to central Peru. 
Populations at the latitudinal extremes are separated by ~1000 linear km, resulting in a 
distribution that could fit inside the state of California, USA (Fig. 3.1b). Its collective elevational 
distribution is one of the widest of any Neotropical bird (950 – 4500 m; Stotz et al. 1996), yet at 
any given latitude it occupies a relatively narrow band of habitat (~1000 m). From low to high 
elevations along the transect, this elevational band contains a wide range of habitats, from semi-
deciduous tropical forest to semi-humid montane scrub to high-elevation woodland (genus 
Polylepis). Following the predictions of Bergmann’s Rule, the body mass of C. antisiensis 
increases clinally almost threefold along this latitudinal and elevational gradient (11.5 to 31.0 g; 
Fig. 3.2a), resulting in what may be the most extreme size variation per unit distance of any bird 
species in the world. This body size cline is also accompanied by a cline in plumage coloration 
and patterning (Appendix Fig. B.1). Southern populations are generally greyer with higher-
contrast patterns on the underparts than are northern populations. Size and plumage 
differentiation at the extremes of the cline are as great or greater than among its 27 congeners 
(Remsen 2003) and between other avian sibling species. Finally, mitochondrial data indicate that 
the phenotypic cline of C. antisiensis formed relatively recently, with maximum sequence 
divergence between the geographic extremes of 1.1% and a divergence date of ~460,000 years 
(Derryberry et al. 2011). 
 I tested for incipient ecological speciation in C. antisiensis using phenotypic and genetic 
data from populations distributed across the geographic and environmental breadth of C. 
antisiensis. I demonstrate that body size variation in this species conforms to Bergmann’s Rule 
and that differentiation in body size, but not plumage, among populations of C. antisiensis is 
greater than expected based on the neutral expectations set by thousands of independent nuclear 
markers, indicating a role for natural selection in generating the body size cline. I use sensitivity 
analyses (Brommer 2011) to demonstrate that this result is robust to environmental effects. I then 
test where this adaptive cline in body size has had any consequences for genetic differentiation 
among populations of C. antisiensis. To do this, I evaluate the relative importance of IBA, IBE, 
and IBD in structuring genetic diversity among populations of C. antisiensis using variance 
partitioning. 
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Figure 3.1. Genetic variation and geographic distribution of C. antisiensis. (a) The first two principal components of the matrix of 5,154 SNPs 
across 172 individuals of C. antisiensis explained 20.3% of the genetic variance. Proportion of genetic variance explained by each axis in 
parentheses. Pie charts represent the individual ADMIXTURE assignment probabilities to ancestral populations. (b) The geographic 
distribution of C. antisiensis as approximated by the refined MAXENT model overlaid on elevational contours. Pie charts are population 
averages of ADMIXTURE assignment probabilities. Red dots with white centers are localities used in the MAXENT model that did not have 
genetic data. Locality labels correspond to Table 3.1. Red dashed line represents transect from orthogonal regression (see Materials and 
methods). Black dashed line represents geographic barrier to dispersal between the central Andean populations (10-15) and the SW slope 
populations (16-19) formed by the Cordilleras Negra, Huayuash, and Raura and the northern reaches of the Altiplano. 
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Figure 3.2. Clinal variation in body size and plumage color, and their relationship to environmental variation. (a) The body mass of 
Cranioleuca antisiensis more than doubles along a smooth geographic cline from north to south. (b) Body mass is positively correlated with 
elevation and (c) negatively correlated with mean annual temperature. (d) Clinal variation in plumage coloration is also related to (e) 
elevation. (f) Precipitation is only weakly related to plumage coloration. Points represent individuals and are overlain on the population means 
(larger grey circle) and standard deviations (vertical grey bars). Individuals from the SW slope are represented as hollow circles. The 
relationships for body mass were stronger when the SW slope populations are excluded (solid line) than among all populations (dashed line). 
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MATERIALS AND METHODS 
 
Sampling and phenotypic measurements 
 I sampled 172 vouchered specimens of C. antisiensis from 19 populations (mean = 9, 
range = 2 − 16 individuals/population; Table 3.1), distributed across its geographic and 
environmental breadth (Fig. 3.1). GFS collected 143 of these vouchers from June to August 2010 
and August 2011. The remainder I borrowed from genetic resource collections at the Field 
Museum of Natural History (Chicago, IL), the Museum of Southwestern Biology (Albuquerque, 
NM), and the Louisiana State University Museum of Natural Science (Baton Rouge, LA). I 
calculated the cline position (in km) of each population as the fitted values of an orthogonal 
regression (odregress in R package pracma; Borchers 2014) on kilometer-based grid 
coordinates, which were derived from latitude and longitude (latlong2grid in R package 
SpatialEpi; Kim and Wakefield 2010), with the cline origin in the north and terminus in the 
south (Fig. 3.1). 
For each specimen I recorded sex and body mass, and I measured morphology and (from 
spectrophotometric data) plumage coloration. Full details on the morphological measurements 
and collection of spectrophotometric data can be found in Appendix B. Briefly, I transformed the 
nine morphological variables in a PCA and retained PC1 to obtain an alternative metric of body 
size (mPC1). I obtained spectra for nine plumage patches and converted them using PCA into a 
single metric of plumage coloration that reflects avian visual perception based on Goldsmith’s 
(1990) tetrahedral color space (Stoddard and Prum 2008). 
 
Genotyping 
I used Genotyping by Sequencing (Elshire et al. 2011), a RAD-seq method, to obtain 
SNP data. I followed protocols for extraction and library prep as recommended by the Cornell 
Institute of Genomic Diversity (IGD). Full details can be found in Harvey et al. (2015). IGD 
processed raw sequence reads from the HiSeq runs using the UNEAK pipeline, an extension of 
TASSEL 3.0 (Bradbury et al. 2007). The UNEAK pipeline retains all reads with a barcode, cut 
site and no missing data in the first 64 bp after the barcode. Reads are then clustered into tags of 
100% identity. Tags are compared pairwise, and any tag pairs that differ by one bp are called as 
potential SNPs. Although other SNP calling methods permit less stringent clustering thresholds 
(Catchen et al. 2011; Eaton 2014) ,the clustering threshold has little effect on the estimation of 
common population genetic parameters for this species (Harvey et al. 2015). After processing 
with the UNEAK pipeline, I collapsed reverse complement tag-pairs and re-called genotypes 
using the method of Lynch (2009), implemented with custom perl scripts provided by T. A. 
White (White et al. 2013) and available at 
https://github.com/mgharvey/GBS_process_Tom_White/tree/master/v1. To increase the number 
of SNPs recovered after filtering, I excluded individuals that had less than 4,000 high-quality 
SNP loci. I removed potential paralogs by filtering out SNPs with heterozygosity greater than 
0.75 and removed SNPs for which genotype calls were missing for more than 20% of the 
individuals. My final SNP dataset was composed of 5,154 SNPs with 80% complete coverage 
across 172 individuals. I used custom R scripts to reformat data for subsequent analyses. The 
decisions made in the processing of RAD-seq data can affect the genetic patterns recovered; 
however, FST estimates (the principal genetic summary statistic used in my study) are robust to 
these potential biases (Shafer et al. 2016). 
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Table 3.1. Sampling data. Coordinates, mean elevation and body mass followed by their standard deviations, and number of individuals in 
each population with genetic (SNPs), body mass, body size, afnd plumage data. Numbering corresponds to population labels in Fig. 3.1 and 
Appendix Fig. B.4.  
 
 Locality 
Transect 
Position 
(km) 
Coordinates Elevation (m) 
Body 
Mass (g) mPC1 Plumage 
Sample Size 
  SNPs Mass mPC1 Plum-age 
1 Cerros de Amotape 0 -4.15, -80.62 1107+/-73 12.5+/-0.9 0.4+/-0.3 -1.4+/-1.6 10 10 5 5 
2 Canchaque 194 -5.38, -79.57 2420+/-269 16.8+/-1.3 1.5+/-0.3 -2.4+/-1.1 5 5 5 5 
3 Abra Porculla 229 -5.81, -79.49 2176+/-169 16.9+/-0.5 1.3+/-0.4 -4.7+/-1.4 13 12 10 9 
4 Llama 316 -6.52, -79.11 2412+/-301 19.1+/-1.3 1.9+/-0.5 -2.3+/-1.1 8 7 7 7 
5 Contumaza 405 -7.40, -78.79 2610+/-37 24.9+/-1.7 3.1+/-0.5 0.6+/-1.7 8 5 4 3 
6 Celendin 450 -6.88, -78.12 2983+/-160 24.3+/-0.8 3.1+/-0.4 -2.5+/-1.3 10 8 8 8 
7 Duraznopampa 470 -6.62, -77.81 2115+/-55 21.8+/-1.9 2.1+/-0.4 -2.4+/-2.4 10 9 9 8 
8 El Molino 545 -7.77, -77.76 3222+/-131 26.3+/-0.9 3.3+/-0.3 1.2+/-2.2 10 10 10 10 
9 Suyubamba 568 -7.83, -77.58 2586+/-110 24.3+/-1.2 3.4+/-0.3 0.3+/-2.4 7 6 6 5 
10 Cordillera Blanca 662 -9.24, -77.52 3628+/-273 24.0+/-0.5 - - 6 2 - - 
11 Chinchan 729 -9.61, -77.12 4234+/-141 26.3+/-1.3 3.7+/-0.5 - 8 8 7 - 
12 Carpa-Chavin 759 -9.37, -76.73 3632+/-93 27.4+/-1.9 3.7+/-0.5 5.8+/-1.1 13 11 11 11 
13 Chavinillo 801 -9.84, -76.60 3652+/-239 29.3+/-1.5 3.4+/-0.7 5.0+/-1.0 5 3 3 3 
14 Carpish 841 -9.85, -76.37 3259+/-212 28.5+/-1.3 3.8+/-0.4 3.9+/-1.1 12 9 9 7 
15 La Quinua 896 -10.62, -76.17 3832+/-0 29.6+/-1.0 4.1+/-0.3 6.1+/-0.9 8 8 8 7 
16 Macate 571 -8.75, -78.05 3298+/-235 22.7+/-2.1 2.8+/-0.4 -3.6+/-0.8 12 11 8 8 
17 Pacar 713 -10.08, -77.50 2935+/-55 18.3+/-0.5 2.3+/-0.5 - 9 7 8 - 
18 Quichas 826 -10.58, -76.77 4304+/-59 20.1+/-0.8 2.1+/-0.4 5.3+/-1.1 16 9 7 7 
19 Huamatanga 888 -11.52, -76.73 3002+/-337 21.5+/-0.6 1.8+/-0.2 - 2 2 2 - 
        Range       Total       
    
974 - 4410 11.5-31 - - 172 142 127 103 
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Population Structure 
 To determine how genetic variation in my dataset was distributed among populations, I 
conducted a principal components analysis (PCA) using the function dudi.pca in the R package 
adegenet 2.0.1 (Jombart & Ahmed 2011). I used ADMIXTURE (Alexander et al. 2009) to 
determine the underlying population structure of my samples because its efficient maximum-
likelihood framework suits large SNP datasets (Alexander & Lange 2011). I ran ADMIXTURE 
for K = 1 – 12 using default settings for all loci. To determine the most likely number of 
populations I used ADMIXTURE’s cross-validation procedure (cv flag set to 50) to estimate the 
cross-validation error (CV-error) for each K, where the most likely values of K have low CV-
error (Alexander & Lange 2011). To quantify population differentiation for downstream 
analyses, I estimated global and pairwise FST values for each locus individually and across all 
loci following Weir and Cockerham (1984). I used the R package heirfstat 0.04-22 for all global 
calculations (Goudet 2005) and the R package StAMPP for all pairwise calculations (Pembleton 
et al. 2013). 
  
Identification of outlier loci 
 Most of my analyses assume as input neutral genetic variation, so I identified and 
excluded loci potentially under selection. Statistical correlations between allele frequencies and 
environmental variation across populations may indicate that diversifying selection has acted on 
a locus. However, because the populations of C. antisiensis are distributed across a broad 
environmental gradient, such correlations are expected simply due to the neutral effects of shared 
population history and gene flow. I tested for correlations between allele frequencies and 
environmental variables while controlling for neutral population history using the program 
bayenv2 (Coop et al. 2010; Günther & Coop 2013). Full details can be found in the Appendix B. 
Briefly, I calculated Bayes factors for statistical association between individual allele frequencies 
and 20 environmental variables plus body mass. Loci exceeding the 95% quantile of the 
distribution of Bayes factor values for each variable were considered outliers. The remaining loci 
were considered neutral and appropriate for use in downstream analyses. 
 
PST - FST: test of natural selection on quantitative traits 
The principal ingredient of ecological speciation is divergent natural selection. Yet, 
because correlations between phenotypic and environmental variation can be generated by non-
adaptive processes, additional evidence for local adaptation’s role in generating the phenotypic 
cline is required. Neutral explanations for phenotypic variation can be rejected if genetic 
differentiation at the loci coding for the phenotype (QST) exceeds that of neutrally evolving loci 
(FST, Spitze 1993; Leinonen et al. 2013). If the loci underlying the trait are unknown, as is likely 
in most non-model systems or for highly polygenic traits (e.g. body size), then QST can be 
approximated by its phenotypic analog for quantitative traits, PST (Storz 2002; Leinonen et al. 
2006; Brommer 2011). PST is best measured from populations reared in common gardens, which 
removes the contribution of environmental effects to phenotypic variation (Luquet et al. 2015). 
However, for most wild vertebrate species (including C. antisiensis) such experiments are not 
possible. In these cases, PST - FST comparisons can be coupled with sensitivity analyses to gauge 
the degree to which inferences about selection are robust to the potential influence of 
environmental variation (Brommer 2011; Kekkonen et al. 2012; Bertrand et al. 2016). Despite 
widespread interest in the prevalence and correlates of body size clines, rigorous tests of their 
adaptive provenance, such as PST - FST, are currently lacking (Salewski & Watt 2016).  
 I approximated QST using the metric of phenotypic differentiation, PST (Leinonen et al. 
2006), defined as   
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!"# = %ℎ' ()'%ℎ' ()' + 2(,' , 
where ()' is the phenotypic variance between populations, (,'  is the phenotypic variance within 
populations, h2 is the heritability of the trait, and the scalar c is the proportion of the total 
phenotypic divergence between populations due to the partitioning of additive genetic variance 
between populations (Brommer 2011). Put simply, c measures the degree to which phenotypic 
differences between populations are caused by between-population genetic differences rather 
than phenotypic plasticity in response to environmental differences or non-additive genetic 
variances (Pujol et al. 2008). Thus, the accuracy with which PST approximates QST rests on the 
value of c/h2. This value can be thought of as the degree to which the overall phenotypic 
divergence between populations is due to additive genetic effects, rather than phenotypic 
plasticity. Smaller values of c/h2 suggest that most phenotypic divergence is due to phenotypic 
plasticity in response to environmental differences whereas larger values of c/h2 suggest that 
most of the phenotypic divergence is due to additive genetic variance.  
 I calculated global PST values for body mass, mPC1, and plumage. I estimated their 
within- and between- population variance components (,'  and ()'. Due to small sample sizes, 
outliers, and deviations from normality, estimates of these variance components are predisposed 
to have low precision. Therefore, I calculated the variance components and their confidence 
intervals (CIs) from the posterior distribution of a Bayesian generalized linear mixed model 
(O’Hara & Merilä 2005). Body mass, mPC1, and plumage were analyzed separately as response 
variables, and sex was included as a fixed effect to remove its variance contribution from the 
final variance estimates. I also included month as a fixed effect for body mass to control for 
potential seasonal variation (although I collected most of the samples in June, July, and August 
of 2010). Population was coded as a random effect, which allowed me to use the between-
population variance as the estimate of ()' and the residual variance as the estimate of (,' . I used 
the mode of the posterior distribution of (,'  and ()' to estimate PST at the null assumption of c/h2 
= 1 (Brommer 2011). Specimens without sex data were not used in this analysis. I used the 
HPDinterval function in the R package lme4 (Bates et al. 2015) to estimate the 95% high and 
low CIs for the (,'  and ()' from the posterior distribution, which I used to calculate the CIs for 
PST. I ran 100,000 iterations of the Markov chain Monte Carlo (MCMC) using flat, 
uninformative priors for both the fixed and random effects (see Kekkonen et al. 2012 for 
additional details).  
QST behaves like a single-locus FST estimate (Leinonen et al. 2013); therefore, I 
compared PST across the distribution of single-locus FST estimates (see Population Structure) 
from the ‘neutral’ set of loci obtained after removing loci that showed high statistical correlations 
with body mass and other environmental variables. Although I removed outlier loci, I cannot be 
certain all loci under selection were excluded. However, inclusion of loci under selection will 
tend to inflate the upper value of FST differentiation, thus potentially resulting in a failure to 
identify traits under selection (Leinonen et al. 2013). Regardless, this will result in a 
conservative bias with respect to my conclusions about the role of selection in driving body size 
divergence. Finally, because my datasets for body mass, mPC1, and plumage had differing 
amounts of missing data, I calculated separate pairwise FST matrices for comparison with each 
trait by excluding individuals from FST calculations for which these data were not available. I 
also excluded populations with three or fewer individuals. Samples sizes for each trait’s PST - FST 
comparison are in Table 3.2. 
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Table 3.2. Results of PST - FST comparisons for body mass, mPC1, and plumage. The mode of the between- (σ2B) and within- (σ2W) 
population variance components are followed in parentheses by the 95% confidence intervals from the posterior distribution of a Bayesian 
generalized linear mixed model. PST values for each trait are at the null assumption of c/h2 = 1 with 95% confidence intervals in parentheses. 
Global FST value for each trait with upper and lower 95% quantiles for single-locus FST estimates in parentheses. c/h2* is the critical value of 
c/h2 at which the lower confidence interval for PST exceeds the upper 95% quantile of FST. Natural selection may have shaped the variation of 
a trait when the lower confidence interval for PST exceeds the upper 95% quantile of FST at values of c/h2* less than or equal to 1 (in bold). 
The sample size is the number of populations in each PST - FST comparison followed in parentheses by the average number of individuals per 
sampled population and the minimum and maximum number of individuals across the sampled populations. 
 
 Trait Sample Size σ
2
B σ2W PST  FST  c/h2*  
All Populations body mass 16 (8.4, 5-12) 19.44 (9.94, 48.83) 1.71 (1.31, 2.20) 0.85 (0.69, 0.95) 0.24 (0.04, 0.61) 0.70 
 body size 16 (7.6, 4-11) 0.85 (0.51, 2.30) 0.11 (0.09, 0.15) 0.80 (0.63, 0.93) 0.24 (0.04, 0.61) 0.92 
 plumage 13 (7.5, 5-11) 10.88 (5.58, 29.99) 2.31 (1.71, 3.17) 0.70 (0.47, 0.90) 0.23 (0.02, 0.61) 1.74 
        
SW Slope  body mass 13 (8.3, 5-12) 21.21 (10.16, 56.25) 1.54 (1.17, 2.11) 0.87 (0.71, 0.96) 0.21 (0.01, 0.53) 0.46 
Excluded body size 13 (7.6, 4-11) 1.12 (0.58, 2.94) 0.11 (0.08, 0.15) 0.84 (0.66, 0.95) 0.21 (0.01, 0.53) 0.57 
 plumage 11 (7.5, 5-11) 11.32 (4.12, 29.70) 2.50 (1.85, 3.61) 0.69 (0.36, 0.89) 0.19 (-0.00, 0.52) 1.90  
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The ratio c/h2 cannot be estimated directly from measurements of natural populations; 
therefore, I followed Brommer (2011) and determined the critical value of c/h2 above which PST 
exceeded FST. The lower this critical value, the greater the proportion of phenotypic variance due 
to phenotypic plasticity could be (in response to environmental variation among populations) and 
still have PST exceed the neutral expectations of FST. 
I computed the critical value of c/h2 as the value of c/h2 at which the lower CI of PST 
equals the upper CI of the FST distribution. I derived the formula for c/h2 by setting the lower CI 
formulation of Eq. 1 equal to FST and solving for c/h2, which resulted in the following equation !ℎ#∗ = −2()* +,,-. /0(+,,-.)#/3(456-.)# (()* +,,-. − 1)			, 
 where /0(+,,-.)#  is the upper CI for the within-population variance, /3(456-.)#  is the lower CI for 
the between-population variance, and FST(upper) is the value of the upper CI of the distribution of 
FST values. 
 
Predictors of Genetic Connectivity 
 I tested for patterns of IBD, IBE, and IBA while controlling for spatial autocorrelation 
among predictors with multiple matrix regression (MMRR; Legendre et al. 1994; Wang 2013) 
and variance-partitioning via commonality analysis (Prunier et al. 2015). The predictor matrices 
were dispersal distance, environmental disparity, and mass disparity. The response matrix was 
global pairwise FST (Weir & Cockerham 1984) calculated from the ‘neutral’ set of loci (see 
Identification of outlier loci).  
To obtain a metric of distance reflective of the most likely dispersal paths based on the 
habitat preferences of C. antisiensis, I calculated the least-cost path distance using a MAXENT 
distributional model (see section Environmental Variation and Niche Modeling) and functions in 
the R package gdistance (Etten 2015). I calculated least-cost path distances (hereafter dispersal 
distance, DIST) from a manually refined version of the raw MAXENT model based on the 
extensive field experience of GFS with the species’ habitat preferences. Initial exploration of the 
data revealed that straight-line Euclidean distance and the least-cost path distance based on the 
raw MAXENT output were highly correlated (Pearson correlation = 0.99). Relative to dispersal 
distance, these metrics were inferior predictors of genetic connectivity (Appendix Fig. B.2) and 
were not included in my final analyses. 
To quantify environmental disparity (ENV) among the populations, I extracted data on 
the same bioclimatic variables used for MAXENT modeling (see Environmental Variation and 
Niche Modeling) from the BioClim database of present-day climatic conditions (Hijmans et al. 
2005) for each individual’s locality and calculated each variable’s mean for each population. I 
did a PCA of the mean BioClim values using the R function prcomp and calculated the 
multivariate Euclidean distance among populations in this principal component space. I also 
calculated the elevational disparity (ELE) between all populations as a complementary metric of 
environmental disparity. I calculated two metrics of phenotypic divergence disparity in mean 
body mass (MASS) and plumage coloration (PLUM). Body mass and mPC1 were highly 
correlated so I present results only for body mass, although those for mPC1 did not differ 
(Appendix Fig. B.3). I excluded from the univariate regressions using plumage four populations 
for which I did not have plumage data (see below). 
I tested for a positive linear relationship between pairwise FST values and each predictor 
matrix using univariate matrix regression as well as multivariate models using multiple matrix 
regression with randomization (MMRR; Wang 2013). I tested univariate models that included as 
predictors DIST, MASS, PLUM, ELEV, and ENV. Plumage disparity had little explanatory 
power for pairwise FST (R2 = 0.043) in univariate regression (Table 3.3) and, for simplicity, I 
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excluded it from my multivariate analyses. All matrix regressions were implemented with the 
“MMRR” function from the supplementary material of Wang (2013) with 1,000 permutations to 
assess significance. Prior to running the multivariate models, I standardized all predictor 
variables with a z-transformation by subtracting the mean and dividing by the standard deviation. 
This allows direct comparison of the regression coefficients as beta weights to assess the relative 
importance of the variables in predicting genetic relatedness (Prunier et al. 2015). 
To determine the relative contribution of each predictor to pairwise FST while accounting 
for collinearity among the predictor matrices, I conducted a commonality analysis. This kind of 
analysis partitions the overall variance explained by a multiple linear regression model (i.e. its 
R2) into the unique contributions of each predictor variable and the common contributions of all 
possible combinations of predictor variables (Prunier et al. 2015). For each predictor, a unique 
effect (U) represents the amount of variance explained by that predictor alone as well as a 
common effect (C) that represents the proportion of variance that can be explained by that 
predictor and one or more of the other predictors together. The total effect (U+C) represents the 
total contribution of a predictor irrespective of collinearity among other predictors (Prunier et al. 
2015; Renner et al. 2016). 
I calculated commonality coefficients using functions in the R package yhat (Nimon et al. 
2013). I computed ninety-five percent confidence intervals around the commonality coefficients 
by bootstrapping with 1000 replicates based on random selection of 90% of the 19 populations 
without replacement (Peterman et al. 2014) using R code from Prunier et al. (2015). 
 
Environmental Variation and Niche Modeling 
 I used MAXENT as implemented in the R package dismo (Hijmans et al. 2013) to model 
the distribution of C. antisiensis based on its presence localities, a set of randomly generated 
pseudo-absence localities, and environmental data. I obtained locality records from three 
sources: specimens, audio recordings, and observational records. I vetted them for accuracy. I 
extracted elevation and 19 bioclimatic variables from the BioClim database of present-day 
climatic conditions (Hijmans et al. 2005) for each locality. I generated random pseudo-absence 
localities by randomly sampling 5,000 localities from the background environmental space of C. 
antisiensis. Preliminary analysis indicated that MAXENT was over-projecting into inhospitable 
habitats. To obtain a distribution model that more closely approximated the habitat constraints of 
C. antisiensis based on GFS’s extensive field experience with the species, I edited the rasterized 
distributional model. Additional details on locality vetting, environmental variables used, 
MAXENT methodology, and editing of the raw MAXENT model can be found in the Appendix 
B.  
 
 
 
RESULTS 
 
Clinal Body Size Variation 
I found that the body mass of C. antisiensis more than doubles (Fig. 3.2a) from the 
northernmost sampling locality (Cerros de Amotape, pop. 1) in northwestern Peru to the 
southernmost localities in central Peru (pops. 15 & 19). Between these extremes lies a smooth 
latitudinal cline with the exception of the three southernmost populations (pops. 17-19) on the 
arid southwest slope in the departments of Ancash and Lima (hereafter SW slope). Birds from 
these three populations are about 8 g smaller than expected given their position on the transect, 
yet display the same latitudinal trend of increasing body size from north to south. Across all 
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populations, body mass was tightly correlated with both elevation (R2 = 0.47) and temperature 
gradients (R2 = 0.37, Fig. 3.2b-c), conforming to the predictions of Bergmann’s Rule. These 
relationships were stronger when the outlier SW slope populations were excluded (elevation 
R2SW slope excluded = 0.73, temperature R2 SW slope excluded = 0.68). 
 The variation in plumage coloration from north to south along the geographic transect 
was not as strongly clinal as for body mass (Fig. 3.2d). Still, the correlation with elevation for 
plumage coloration (R2 = 0.43) was almost as strong as for body mass (R2 = 0.47, Fig. 3.2e). One 
notable biogeographic trend in plumage coloration is for darker plumages to occur in more 
humid habitats, termed Gloger’s Rule (Gloger 1833), which is presumably due to local 
adaptation (James 1991; Burtt & Ichida 2004). I found little evidence for this association in my 
plumage data (R2 = 0.09, Fig. 3.2f) and have no compelling adaptive explanation for the plumage 
variation of C. antisiensis. 
 
Population Structure 
 I found a clear signal of clinal geographic population structure in my SNP dataset. The 
first two principal components of the SNP matrix explained 20.3% of the genetic variation in the 
dataset (Fig. 3.1a) and revealed three spurs of continuous genetic variation consistent with a 
demographic scenario of IBD (Novembre & Stephens 2008). These spurs were geographically 
structured, and the relative position of the individuals in PC space conformed to the spatial 
distribution of their respective populations (Fig. 3.1b). Genetic PC1 (gPC1) reflected the spatial 
distribution and genetic divergence between the Cerros de Amotape (pop. 1), the populations of 
the SW slope (pops. 16-19), and the rest of the populations (pops. 2-15) as well as among the 
individuals of the SW slope populations. In contrast, gPC2 did not reflect the spatial distribution 
of the populations, but rather their body mass. Surprisingly, I found that gPC2 was highly 
predictive of individual body mass (R2 = 0.87) (Fig. 3.3). This could be due to the presence of 
quantitative trait loci for body mass, a pattern of IBA, or IBD due to spatial-autocorrelation of 
body mass with distance (see Discussion).  
The ADMIXTURE analysis corroborated the patterns in the PCA. Individuals from a 
given sampling locality varied little in their assignment probabilities across all values of K 
examined (Appendix Fig. B.4). Using ADMIXTURE’s cross-validation (CV) procedure, I found 
that K = 7 had the lowest CV-error and therefore was the most likely number of ancestral 
populations. However, a clear trough of equally-low CV-error values from K = 4 to 11 
(Appendix Fig. B.5) indicates ambiguity in the number of ancestral populations. This ambiguity 
can be seen in the smooth transitions between ancestral populations, the result of IBD (Fig. 3.5a).  
Despite a strong pattern of IBD, some clear genetic discontinuities were evident. The 
most geographically isolated sampling locality (Cerros de Amotape, pop. 1) was also the most 
genetically distinct cluster in the PCA, was the only locality assigned to its own ancestral 
population by ADMIXTURE at K = 7, and showed the most limited introgression with all other 
populations. However, this genetic distinctiveness is most parsimoniously explained by distance, 
as Cerros de Amotape is the most geographically distant from its nearest locality (Canchaque, 
pop. 2, Fig. 3.1b) than all other populations are to their nearest neighbor. Populations between 
the Cerros de Amotape (pop. 1) and Canchaque (pop. 2) are likely to be genetically intermediate 
and would fill in the gap on the PCA plot if sampled. The two Huánuco populations (Carpish, 
pop. 14 and La Quinua, pop. 15) also showed limited introgression at K = 7, reflecting a high 
pass separating the upper Huallaga River drainage (in which they occur) from the next nearest 
locality (Chavinillo, pop. 13) in the upper Marañon River drainage. Remarkably, Quichas (pop. 
18), an outlier in body mass given its elevation, is only 30 linear km from La Quinua (pop. 15), 
yet these populations are found in completely different extremes in the genetic PCA likely 
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reflecting the biogeographic barrier of the high cordilleras and altiplano separating them (dashed 
line in Fig. 3.1). 
 
 
Figure 3.3. The correlation between individual body mass and genetic PC2. Cline position of 
each individual is represented by both circle radius and shading with smaller-darker northern 
populations and larger-lighter southern populations. Note the clustering of pops. 18 & 19 from 
the SW slope with the geographically disparate pops. 2 & 3 around gPC1 = 20, representing 
convergence on smaller body size by the SW slope populations. 
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Outlier Analysis 
 BF scores for five environmental variables (Bio4, Bio15, Bio16, NDVI, and TREE) had 
95% quantile thresholds less than the minimum of 3. These thresholds were increased to three 
(see Methods). 1,823 loci had BF values greater than the threshold of at least one of the 23 
variables of interest, indicating a significant statistical association. Most loci (45%) were only 
associated with a single variable and 70% of the identified loci were associated with three or 
fewer variables. Predictably, variables of a similar class (temperature or precipitation) shared the 
highest number of loci, yet in general, the vast majority of loci showed significant associations 
with only a few of the variables. Due to this inconsistency, I do not consider these loci under 
selection. Instead, I consider all loci without strong statistical associations with any of the 
variables as being putatively neutral (hereafter just neutral) and appropriate for downstream 
analysis. Regardless, the pairwise FST matrices derived from all loci and the neutral loci were 
highly correlated (Pearson correlation = 0.99), and their exclusion had little impact on my 
inferences. 
 
PST - FST 
I found evidence that natural selection is likely responsible for the clinal divergence in body 
size among populations of C. antisiensis. Calculated across all populations, the lower confidence 
limit for PST exceeded the upper confidence limit of FST at the null assumption of c/h2 = 1 for 
body mass and mPC1 (Table 3.2, Fig. 3.4a,b); this suggests that natural selection has produced 
the phenotypic cline in body size (Brommer 2011). For both metrics of body size, the critical c/h2 
values were less than 1 (although only slightly so for mPC1), indicating that inferences about 
selection for these traits are robust to the potential influence of phenotypic plasticity. 
My inferences of divergent selection on body size were bolstered when the populations 
along the SW slope (pops. 16-19) were excluded from the PST - FST comparisons. These SW 
slope populations are geographically isolated and genetically distinct from their nearest 
neighboring populations in the central Peruvian Andes (pops. 10-15) (Fig. 3.1) and their 
variation in body mass is anomalous relative to the trend shown among the other populations 
(pops. 1-15). For instance, one of the populations found at the highest elevations (Quichas, pop. 
18) had an average body size almost 10 g lighter (20 g) than expected given its elevation 
(expected = ~ 30 g). When these populations were excluded, I found that the critical c/h2 value 
for both body mass and mPC1 decreased substantially, suggesting that my inferences about 
selection for body size among all populations were weakened by inclusion of the SW slope 
populations.  
To demonstrate the significance of this decrease, I calculated c/h2 values for 100 
population subsets from which I excluded four populations at random that were not from the SW 
slope. For body mass and mPC1, none of these randomly generated population subsets had 
decreased critical c/h2 values close to the critical c/h2 values when the SW slope populations 
were removed (Appendix Fig. B.8). In fact, the vast majority of critical c/h2 values were much 
greater than the critical c/h2 value for all populations.  
Finally, I found no evidence that natural selection has shaped plumage differentiation among 
populations of C. antisiensis. For analyses that both included and excluded the SW slope 
populations, the lower confidence limit of plumage differentiation did not exceed neutral 
expectations at the null assumption of c/h2 = 1 and had a high critical c/h2 values of 1.759 and 
1.901, respectively (Table 3.2, Fig. 3.4c). 
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Figure 3.4. PST - FST comparisons of phenotypic differentiation with neutral genetic 
differentiation. I found evidence for divergent selection on a) body mass and b) mPC1, but not c) 
plumage. The upper panel is for comparisons across all populations whereas the lower panel is 
for comparisons from which the SW slope populations were excluded. PST (blue line) is plotted 
as a function of c/h2 (x-axis) with CIs (dotted blue line and light blue interior). The value of c/h2 
at which the lower confidence limit of PST (lower dotted blue line) equals the upper confidence 
limit of FST (upper dotted horizontal red line) is the critical value of c/h2 (vertical black dashed 
line) at which PST no longer exceeds FST. The lower this critical value the more robust inferences 
of selection are to environmental effects. The solid horizontal red line is the global FST estimate 
for each dataset and the red vertical histogram is the distribution of single-locus FST estimates. 
Y-axis shared by unit-less PST and FST, which vary between zero and one. X-axis is c/h2, which 
represents the degree to which the overall phenotypic divergence among populations relative to 
within populations is due to additive genetic effects.  
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Figure 3.5. Pairwise distance matrices of FST against dispersal distance, mass, plumage, and 
elevation. Regression lines represent significant univariate MMRR. Dashed line for all 
populations, solid line for regression with SW slope populations excluded.  
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Multiple Matrix Regression 
All variables had significant positive associations with FST in univariate regression (Table 
3.3, Fig. 3.5), as expected due to the high collinearity of the predictor matrices. Although 
disparity in mass, environment, and elevation were all significant univariate predictors of FST, 
dispersal distance was the best univariate predictor of FST (R2 = 0.52) and had the highest beta-
weight (B = 0.1). My multivariate models further supported the importance of dispersal distance 
in addition to mass. After controlling for distance with MMRR, elevational and environmental 
disparities were no longer significant predictors of FST (Table 3.4a). Dispersal distance and mass 
were the only significant predictors of genetic distances after controlling for all other predictors. 
Although the other distance metrics (geographic distance and the raw least-cost path distance) 
also performed better than the non-distance predictors (Appendix Fig. B.2), the superiority of 
dispersal distance indicated that my refinement of the raw MAXENT model based on my field 
experience improved its ability to explain genetic connectivity within C. antisiensis. 
In commonality analysis, the multivariate model explained a significant percentage of 
total variance in FST among populations (R2 = 0.551; Table 3.4). By far, the single most 
important predictor of FST was dispersal distance, which uniquely accounted for 32% of the total 
variance explained by the model (Fig. 3.6). In combination with the other predictor variables, the 
dispersal distance had a common effect coefficient of 0.346, which accounts for 62% of the total 
variance explained by the model, resulting in a total effect of 95%. In contrast, the other 
predictor variables (MASS, ELE, ENV) each contributed a negligible proportion to the variance 
explained by the model. Each uniquely contributed no more than 4% to the overall model and the 
only significant predictor was MASS.  
 The inclusion of the SW slope populations was important for my ability to distinguish 
whether the adaptive phenotype, body size, was an important factor in structuring genetic 
variation as compared to the neutral model of dispersal distance. When the SW slope populations 
were excluded, my analyses could not partition the effects on FST of dispersal distance and body 
size due to their high collinearity (Appendix Fig. B.6). Because the inclusion of SW slope 
populations reduced the collinearity of body size and dispersal distance, their unique 
contributions could be partitioned by the commonality analysis, which allowed me to disentangle 
the patterns of IBA and IBD. 
 
 
DISCUSSION 
 
A greater than two-fold clinal increase in body size of C. antisiensis is associated with a 
gradient in latitudinal, elevation, and temperature (Fig. 3); these patterns are consistent with 
Bergmann’s Rule and also consistent with the hypothesis that the patterns is driven by adaptation 
to local thermoregulatory demands. The amount of body size differentiation among populations 
of C. antisiensis exceeded neutral expectations (Table 3.2, Fig. 3.4), supporting a role for natural 
selection in shaping the body size cline. In contrast, plumage differentiation appears to have a 
neutral origin. Despite this, natural selection along the gradient does not appear to be important 
in structuring genetic variation. The best predictor, by far, of the amount of genetic 
differentiation among populations was dispersal distance. That is, a null-model of IBD is 
sufficient to explain the geographic structuring of genetic variation within C. antisiensis. 
Although this system is characterized by pronounced adaptive phenotypic variation along an 
ecological gradient, a potential catalyst of ecological speciation, I found no evidence for 
incipient ecological speciation.  
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Figure 3.6. Commonality analysis. Dispersal distance is the single most important predictor of 
genetic distance among populations of C. antiensis based on a commonality analysis of the 
multivariate model FST ~ DIST + ELE + ENV + MASS. The 15 commonality coefficients from 
this analysis represent the percent variance of the pairwise FST values among populations 
explained by each set of predictors. The percent total, summing to 100, represents the proportion 
of the variance in FST explained by the overall multivariate model (0.55) explained by each 
predictor set. The confidence intervals were computed with a bootstrap procedure, 1000 
replicates of a random selection of 90% of the 19 populations without replacement. The unique 
effects (U) of each of the four predictor variables are found in the first four rows.  
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Table 3.3. Results of univariate MMRR. (a) all 19 populations, and (b) excluding the SW slope populations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3.4. Results of multivariate MMRR and additional parameters from the commonality analysis. Beta-weights (β), p-values (p), and the 
unique, common, and total coefficients (with percent contribution to the overall model in parentheses) of each predictor to pairwise genetic 
differentiation (FST). (a) Results including all 19 populations and (b) excluding the four SW slope populations. 
 
  
Predictor β p Unique Common Total 
a) All populations 
      
 
FST ~ DIST + ELE + ENV + MASS DIST 0.088 0.001 0.177 (32%) 0.346 (63%) 0.523 (96%) 
 
R2 = 0.551 ELE -0.005 0.759 0.024 (4%) 0.226 (41%) 0.250 (46%) 
  
ENV 0.003 0.854 0.000 (0%) 0.183 (33%) 0.184 (34%) 
  
MASS 0.025 0.020 0.000 (0%) 0.281 (51%) 0.281 (51%) 
b) SW Slope Excluded       
 
FST ~ DIST + ELE + ENV + MASS DIST 0.043 0.009 0.045 (7%) 0.497 (80%) 0.542 (88%) 
 
R2 = 0.661 ELE 0.024 0.276 0.054 (9%) 0.493 (80%) 0.547 (89%) 
  
ENV -0.018 0.547 0.010 (2%) 0.356 (58%) 0.366 (59%) 
  
MASS 0.047 0.019 0.004 (1%) 0.340 (55%) 0.345 (56%) 
 
 
Predictor R2  β p 
a) All populations    
 DIST 0.523 0.100 0.001 
 MASS 0.250 0.067 0.001 
 ELE 0.055 0.031 0.025 
 PLUM 0.281 0.077 0.001 
 ENV 0.184 0.057 0.001 
b) SW Slope Excluded    
 DIST 0.542 0.086 0.001 
 MASS 0.547 0.083 0.001 
 PLUM 0.097 0.036 0.024 
 ENV 0.345 0.072 0.004 
 ELE 0.366 0.068 0.001 
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Much of the empirical support for the prevalence of ecological speciation in nature comes 
from studies documenting patterns of IBA or IBE (Shafer & Wolf 2013). However, data for 
these studies generally come from geographically restricted subsets of a species entire 
distribution (Colbeck et al. 2011; Funk et al. 2011; Andrew et al. 2012; Gailing et al. 2012; 
Spurgin et al. 2014; for additional examples see Table S1 of Sexton et al. 2013). At such narrow 
geographic scales, the presence of IBA is undeniable, but the extent to which the population 
divergence in these systems represents incipient speciation is debatable. Phenotypic divergence 
is either not present (as is often the case in studies of isolation-by-environment, e.g. Cooke et al. 
2012; Manthey & Moyle 2015) or much lower (Milá et al. 2009) than what is generally 
considered species-level divergence. Although these studies provide invaluable empirical support 
for the theoretical predictions of ecological speciation, I show that when these patterns are 
examined across the entire distribution of a species like C. antisiensis, where the phenotypic 
extremes have diverged to the level of species, IBA is much less important than IBD in 
structuring genetic variation. It follows that the importance of ecological speciation to 
diversification will be best revealed through studies conducted at geographic scales relevant to 
speciation. At least for birds, I predict that IBA plays a negligible role in lineage diversification 
and that neutral processes coupled with geographic isolation are sufficient to explain the vast 
majority of speciation events.  
The results of this study should also chasten the current inclination to interpret 
correlations between biogeographic patterns of diversification and adaptive phenotypic or 
environmental divergence as evidence of ecological speciation. If ecological speciation occurs in 
an allopatric context, then the newly formed allopatric species pair is expected to show adaptive 
phenotypic divergence to differing environments. Adaptive phenotypic divergence might be easy 
to observe in traits such as body size or plumage, or in less obvious molecular mechanisms, for 
example, hemoglobin genes for high altitude adaptation (Natarajan et al. 2016); the easiest 
pattern to observe is environmental divergence, such as in the climatic-niche (Graham et al. 
2004; Kozak & Wiens 2007). The prediction that climatic-niche divergence drives speciation has 
motivated the use of species-distribution models or climatic-niche data in phylogeography 
(Peterson et al. 2011) and macroevolution (e.g. Seeholzer et al. 2017). However, these patterns 
can also be generated by neutral processes, and spatial autocorrelation between allopatric 
speciation and environmental or adaptive phenotypic divergences can lead to erroneous 
conclusions about the role natural selection plays in the speciation process (Warren et al. 2014). 
C. antisiensis demonstrates this nicely. Without the clinal intermediates, perhaps due to local 
extinction, the geographic extremes of C. antisiensis would be considered distinct, allopatric 
species. Now, the pronounced phenotypic and environmental divergences of the geographic 
extremes of C. antisiensis would be taken as evidence of ecological speciation (as explained 
above) despite natural selection’s negligible role in genetic differentiation and plumage 
divergence revealed in this study. Such a scenario is plausible for a wide array of allopatric 
species occurring in different environments and will be difficult to rule out without knowledge of 
the intermediate stages on the path to speciation. 
 
Implications for Cranioleuca diversification 
The genus Cranioleuca has an elevated rate of lineage diversification, morphological 
evolution, and climatic-niche evolution relative to the rest of its family Furnariidae (García-
Moreno et al. 1999; Derryberry et al. 2011; Seeholzer et al. 2017). Although some speciation 
within Cranioleuca can be attributed to geographic isolation without adaptive phenotypic 
divergence, I previously hypothesized that Cranioleuca’s elevated rate of lineage diversification 
was due to the additional species richness generated by rapid speciation across environmental 
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gradients (Seeholzer et al. 2017). My results do not wholly support this view. Although 
environmental divergence does appear to have selected for body size divergence it has not 
impacted genetic structure and, in practice, body size is generally not an important character in 
avian species delimitation (Price 2007). Rather, the considerable plumage differentiation of C. 
antisiensis, the primary character of avian taxonomy, appears to be the result of neutral processes 
(Fig. 3.4). Perhaps due to small effective population sizes owing to the species’ patchy, highly 
subdivided distribution, plumage evolution via genetic drift may explain the rapid phenotypic 
divergence within C. antisiensis, as has been documented in other Cranioleuca (Remsen 1984a).  
Given the breadth of its geographic distribution and climatic-niche, Cranioleuca as a 
genus must be particularly adept at range expansion and the colonization of novel environments 
relative to most other bird genera in the Neotropics. Rapid local adaption and phenotypic 
divergence is expected to occur at the vanguard of such range expansions (García-Ramos & 
Kirkpatrick 1997), which Mayr proposed as an important driver of incipient speciation (Mayr 
1982). I plan to test for a demographic model of range expansion in C. antisiensis in a future 
study. Yet, the results of this exercise may be moot with respect to Mayr’s predictions, as local 
adaptation does not appear to be directly driving incipient speciation in C. antisiensis. Rather, a 
more plausible scenario for speciation in C. antisiensis, and Cranioleuca in general, is one in 
which plumage differentiation due to neutral processes or sexual selection becomes fixed within 
populations following geographic isolation, ultimately leading to their formal description as 
species. Still, the few documented contact zones between Cranioleuca taxa (Remsen 1984; 
Claramunt 2002, this study) suggest that even plumage differentiation may not be sufficient for 
complete reproductive isolation. 
 
Evidence for local adaptation 
Body size clines that are correlated with temperature gradients are common in nature, 
particularly in birds (Meiri & Dayan 2003). These correlations are often taken as evidence of 
local thermoregulatory adaptation; however, the precise selective agent is debatable as many 
variables that plausibly link to variation in body mass also co-vary with elevation or temperature 
gradients, or with latitude. Regardless, such correlations are only suggestive of natural selection 
(Endler 1986), and rigorous tests of their adaptive significance are lacking (Salewski & Watt 
2016). I used the PST-FST framework to test for natural selection’s footprint on body size 
variation in C. antisiensis. I found that PST exceeded FST for both body mass and mPC1 with the 
critical c/h2 values less than one. Further, these critical values decreased when the outlier SW 
slope populations were excluded from the analysis (Table 3.2, Fig. 3.4). 
The interpretation of PST-FST comparisons rests on the critical value of c/h2, with lower 
values considered to be more indicative that inferences of selection are robust to variation in the 
strength of environmental effects among populations (Brommer 2011). But what is an 
appropriate critical value of c/h2? Such a value cannot be specified and is largely dependent on 
the phenotypic trait being examined. Specifically, it does not strictly depend on the heritability of 
the trait (just so long as the trait is heritable) but rather on geographic variation in the heritability 
of the trait, that is, the variable c (Brommer 2011).  
It may be impossible to estimate c and h2 in C. antisiensis given the daunting logistical 
hurdles necessary to conduct the appropriate common garden breeding experiments, but previous 
studies that have calculated a critical c/h2 value provide a point of comparison. Brommer et al. 
(2014) and Bertrand et al. (2016) found critical c/h2 values for various skeletal traits in house 
sparrows (Passer domesticus) and Réunion grey white-eyes (Zosterops borbonicus), 
respectively, similar to the critical value for my composite body size metric mPC1 (excluding the 
SW slope populations), which was calculated with both skeletal and plumage measurements. 
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Both studies also examined body mass. Although Bertrand et al. (2016) recovered a critical c/h2 
value for body mass (0.47) very close to my critical c/h2 value for C. antisiensis (0.50, excluding 
SW slope), Brommer et al. (2014) obtained a much smaller critical value of 0.16 for body mass. 
In both cases, body size also showed a negative correlation with temperature/elevation as 
predicted by Bergmann’s Rule. 
Two aspects of my data further support a role for natural selection. First, the relationship 
between temperature and body mass was bolstered when the SW slope populations were 
excluded. These populations do not conform as tightly to the predictions of Bergmann’s Rule as 
the other populations. When the SW slope populations were excluded from the PST-FST 
comparisons, the critical c/h2 value for both body mass and mPC1 shifted down, which is the 
expected direction if the SW slope populations were inflating the critical c/h2 values. This 
suggests that environmental effects may be more important than natural selection in the history 
of body size differentiation among the SW slope populations relative to the other populations. 
Unfortunately, my sample sizes for the SW slope were too small to formally test this hypothesis 
using PST - FST comparisons. 
Second, I found weak support for the most plausible adaptive explanation for plumage 
coloration, Gloger’s Rule, and thus had no a priori reason to expect my PST-FST analysis of 
plumage coloration would indicate selection. Indeed, the critical c/h2 values for plumage were 
greater than one (Table 3.2, Fig. 3.4), allowing plumage to serve as a kind of control. In contrast, 
the tight correlation between body size and temperature conformed to Bergmann’s Rule pointing 
to selection, which was corroborated by my PST-FST comparisons. 
Because PST is calculated from natural populations, environmental effects cannot be 
controlled for. So although I have found evidence for a non-zero influence of selection, the rest 
of the phenotypic variance unexplained by selection is divided in some unknown proportion 
between neutral genetic drift and environment-mediated phenotypic plasticity. Thus my results 
strongly suggest, but do not prove, that divergent natural selection has driven local adaptation 
through the body size cline of C. antisiensis. 
 
The role of plumage and song 
Plumage and vocal differences are expected to play a more important role in conspecific 
recognition and mate-choice in birds than body size (Price 2007) and thus may be important in 
structuring genetic variation. I found little support for the role of selection in shaping plumage 
variation and plumage divergence explained almost none of the variation in genetic divergence 
in the dataset (Table 3.3, Fig. 3.5). I also examined preliminary data on song. These data indicate 
that the peak frequency of the song of C. antisiensis (a staccato series of accelerating, descending 
notes) is negatively correlated with cline position, elevation, and temperature (Seeholzer et al. in 
prep). Although I do not have body mass associated with the vocal data, it is clear that larger 
birds in the south have lower peak frequencies than smaller birds in the north, as predicted by the 
scaling of the syrinx with body size (Ryan & Brenowitz 1985). Thus, natural selection may be 
indirectly driving song divergence through its influence on body size variation (Podos 2001). I 
intend to test this hypothesis in the future by resampling the transect to obtain recordings for 
vouchered specimens with body mass data. Still, due to the expected co-linearity of song 
variation with body mass, I doubt song divergence will exceed the strength of IBD. 
 
Correlation between body mass and gPC2 
 One of the most striking patterns in the dataset was the tight linear relationship between 
body mass and the second principal component of genetic variation (gPC2, R2 = 0.87, Fig. 3.3). 
Quantitative trait loci (QTL) have been shown to be partially responsible for strong correlations 
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between beak size variation and the first principal component of genetic variation in three 
closely-related and syntopic species of Darwin’s finches differing in bill size by Chaves et al. 
(2016), who hypothesized that much of this relationship was primarily due to non-random 
mating between birds of similar beak sizes i.e. IBA. In contrast, the body size variation in C. 
antisiensis appears to be due to non-random mating imposed by geographic separation rather 
than female choice. Indeed, the effect of IBA was very weak across the entire SNP dataset after 
controlling for geographic distance, and most of its effect (that is, of body mass) was 
indistinguishable from that of distance (Fig. 3.6). This suggests that the strong correlation 
between body mass and gPC2 in C. antisiensis could be due to the collinearity of body mass 
variation and geographic distance. Further, after excluding outlier loci I recovered the same 
relationship between body mass and gPC2 (R2 = 0.82, Appendix Fig. B.7). Still, populations on 
the SW slope were almost identical to geographically disparate populations to the north in their 
body size and gPC2 scores and this pattern is best explained by the gPC2 representing variation 
in QTL for body size. I seek to address these alternatives in future work by leveraging the power 
of a reference genome combined with genome re-sequencing. 
 
Clinal Variation 
I found the significant negative association between body size and temperature for C. 
antisiensis predicted by Bergmann’s Rule (Fig. 3.2c), potentially indicating that local adaptation 
for thermoregulation has played a role in the origins of the body size cline. This relationship was 
strengthened after excluding the outlier populations on the SW slope, which are smaller than 
expected given their transect position, elevation, and temperature. One population in particular, 
Quichas (pop. 18), was about 10 g smaller than expected given the locality’s elevation and mean 
annual temperature. Quichas is most closely related to other populations on the SW slope, and it 
likely represents a recent colonization of the high-elevation Polylepis woodlands from lower 
elevation montane scrub where the other SW slope populations are found (Fig. 3.1). Further, the 
SW-slope populations are generally smaller given their transect position, elevation, or mean 
annual temperature. This may be due to the more arid, less productive environment they live in, 
which is consistent with environmental effects limiting their body size. If this is true, this would 
indicate that a mosaic of neutral and selective processes were involved in shaping the phenotypic 
variation of C. antisiensis. 
Body size was less correlated with elevation and temperature than with the population’s 
position on the latitudinal transect. This may be due to insufficient resolution of the BioClim 
dataset due to the complex topography of the Andes. Alternatively, perhaps the geographic cline 
in body size reflects the long-term evolutionary optimum in body size that incorporates local 
movements and shifts in the distribution of habitat through climatic cycles. Regardless, C. 
antisiensis is unique among birds in its degree of body size divergence across such a wide 
elevation and temperature gradient within such a narrow latitudinal span (7.4°). The few other 
Andean birds exhibiting Bergmannian body size clines in the Andes (Graves 1991; Gutiérrez-
Pinto et al. 2014) do so across much wider latitudinal spans (12° and 40°, respectively), with 
comparatively smaller body size differences between the extremes. However, there is a general 
trend for Andean bird species to be larger at higher elevations and colder temperatures 
(Blackburn & Ruggeiro 2001), suggesting that more examples may be found by examining 
closely-related species. 
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CHAPTER 4 
SPECIATION-BY-EXTINCTION 
 
 
What are the origins of species? This question catalyzed the theory of evolutionary biology 
(Darwin 1859) and has since been one of the principal motivators of evolutionary thought and 
research. However, progress in answering this question has been consistently beset by the 
intractability of defining what a species is. The sensitivity of species-level taxonomy to the 
species concept employed corroborates the view that species do not exist as fundamental 
biological realities, but rather as names placed by humans on perceived discontinuities in 
biological variation at a given point in time (Mallet 2001). When the practical reality of species 
as human constructs is acknowledged, speciation can be redefined as the formation of phenotypic 
and/or genetic discontinuity. Operationally, the threshold of divergence required varies among 
species concepts, but they are all united in that any process that produces discontinuities is a 
potential speciation mechanism.  
Allopatric speciation is thought to be the dominant mode of speciation in vertebrates (Coyne 
& Orr 2004), including birds (Price 2007). The classical view of allopatric speciation is of an 
incremental process in which genetic drift and/or natural selection result in divergence following 
the geographic isolation of populations (i.e. vicariance) that initially show little or no 
differentiation (Mayr 1942b, 1963; Coyne & Orr 2004; Price 2007). The geographic isolation 
results in speciation if the amount of divergence rises to or exceeds the threshold of species-level 
discontinuity under the species concept being used (Mayr 1970; Cracraft 1989). From this 
perspective, allopatric speciation can be characterized as an ‘isolation-then-divergence (ITD)’ 
model (Fig. 4.1). Here, I explore an alternative 'speciation-by-extinction (SBE)' model, in which 
local extinction events within species produce species-level discontinuities (Fig. 4.1). 
To illustrate the SBE model, imagine a species with a linear distribution that exhibits a 
continuous gradient (i.e. a cline) of geographically structured, heritable variation (Stage 1 of SBE 
in Fig. 4.1, Endler 1977). The geographic extremes of the cline are strongly divergent and 
diagnosable from each other, but intermediate populations bridge these geographic extremes. 
Without discontinuities, the populations from one end of the cline to the other would be treated 
as a single species under all commonly employed species concepts. Under the SBE model, 
instantaneous local extinction of the geographically intermediate populations would immediately 
result in a pattern of discontinuous biological variation and the resulting partitions could then 
qualify as species. I define SBE as the process through which extinction of phenotypically or 
genetically intermediate populations results in discrete phenotypic or genetic clusters that are 
sufficiently divergent to be afforded species status under a given species concept. 
The general idea that speciation can occur through extinction is not new. Darwin 
acknowledged the illusory reality of species as human constructs (Darwin 1859, p. 485), and 
proposed that species only become real to humans when intermediates die out, leaving 
morphological discontinuities (Darwin 1859, p. 177). In their discussion of taxon cycles in the 
avifauna of the West Indies, Ricklefs and Cox (1972) proposed that closely-related species found 
on widely disjunct islands were ‘formed’ through the extinction of related taxa on intervening 
islands. In Stage 2 of their taxon cycle model, a single geographically variable species is 
continuously distributed across an archipelago. Extinction on intervening islands leads to Stage 3 
of the taxon cycle, with populations on disjunct islands considered species. Ricklefs and Cox 
(1972) did not explicitly discuss whether the differences between the species on disjunct islands 
at Stage 3 were already present prior to extinction of the populations on the intervening islands 
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(SBE) or if their species-level differences accrued after extinction (ITD). SBE is also implicit in 
the “ring species” concept (Jordan 1905; Mayr 1942c; Cain 1954): a continuous distribution 
 
  
 
Figure 4.1. Graphical representation of the stages of ITD and SBE. Shading represents the degree 
of population differentiation. Speciation is complete at the final stage for each. 
 
 
 
of phenotypically differentiated, yet intergrading populations, in which the terminal populations 
come into contact and are reproductively isolated. However, the extinction of the intermediate 
populations would result in the recognition of the terminal populations as distinct biological 
species due to complete reproductive isolation in the region of overlap. 
To the best of my knowledge, the term ‘speciation-by-extinction’ was coined by Shepherd 
and Lambert (2008) when they used it to characterize the observation that large genetic distances 
between geographically isolated populations could “represent remnants of a once continually 
distributed single, genetically diverse, species”. Under this scenario, the loss of geographically 
intermediate populations, possibly combined with the change in frequency (even fixation) of 
alternate alleles, would result in these fragmented populations being highly genetically divergent. 
Goldstein and DeSalle (2003) also proposed the idea that local extinction could lead to an 
increase in the number of species through the creation of diagnosable discontinuities, for 
example in the fixation of different nucleotides for single nucleotide polymorphisms (SNPs) in 
the newly isolated populations. 
The idea that extinction can influence speciation has been discussed throughout the history of 
evolutionary thought, but the properties of SBE as a speciation mechanism have never been 
discussed explicitly in the speciation literature. My goal is to elaborate on the general properties 
of the SBE model of speciation. 
 
SBE is not dependent on any one species concept 
That local extinction of populations can serve as a speciation mechanism is most evident 
when considering species concepts that explicitly use the presence of diagnostic traits to define 
species, such as the phylogenetic species concept (PSC, Cracraft 1989). For example, if a SNP is 
fixed for alternate alleles at the geographic extremes of a species’ distribution and geographically 
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intermediate populations are heterozygous, then all populations would be treated as a single 
species under the PSC. If the heterozygous populations then became extinct, geographically 
disjunct populations with a fixed difference at the SNP would remain, allowing for them to be 
diagnosed as distinct species under the PSC (see example below, Goldstein and Desalle 2003). 
Although few advocate the use of a single SNP to delimit species, as in the above example, 
phenotypic traits (often with simple genetic architectures) are widely used to diagnose species, 
including plumage differences (MC1R in Monarchus flycatchers, Uy et al. 2009), morphological 
divergence (Bmp4 in Darwin's Finches, Abzhanov et al. 2004), and vocal divergence (Scytalopus 
tapaculos, Krabbe and Schulenberg 1997; Hosner et al. 2013). 
The PSC explicitly uses discontinuities to diagnose species but most species concepts, 
regardless of their criteria, will resort operationally to identifying discontinuities; thus, SBE is 
expected to produce species under most species concepts. For example, the reproductive 
isolation criterion of the biological species concept (BSC; Mayr 1970), argues for a fundamental 
reality of species as non-assortatively mating natural populations that are reproductively isolated 
from other such populations (Mayr 1970). Practitioners of the BSC diagnose species through 
discontinuities in reproductive connectivity (Dobzhansky 1940), rather than the observation of 
diagnostic phenotypic or genetic traits. A limitation of the BSC is that reproductive isolation can 
only be assessed directly when the distributions of two populations are in contact. For allopatric 
populations, reproductive isolation between populations can only be inferred. This can be done 
through breeding experiments or observations (Lanyon 1979) or through mate recognition 
experiments (Lanyon 1963; Irwin et al. 2001a) that are logistically difficult to conduct for most 
organisms.  
In practice, the BSC is most commonly applied by comparing the degree of phenotypic 
divergence between allopatric forms relative to the degree of divergence between closely related 
sympatric (or parapatric) forms known to be reproductively isolated (Isler et al. 1998; Tobias et 
al. 2010). If the degree of phenotypic divergence equals or exceeds that of sympatric forms, then 
reproductive isolation is inferred for the allopatric taxa in question. Although based on the 
interbreeding criterion, this approach to diagnosing species under the BSC is fundamentally 
about quantifying the degree of discontinuity in a phenotypic trait (albeit one associated with 
reproductive isolation) and determining if the level of divergence exceeds a threshold set by 
sympatric species. Thus, application of the BSC to allopatric populations only differs from the 
PSC in its restriction to characters associated with reproductive isolation and in the degree of 
divergence sufficient for species status (Price 2007: pg 4). Both the PSC and the BSC use 
biological discontinuity as the metric for gauging species, thus making SBE a plausible 
speciation mechanism under either concept. 
 
A recipe for SBE 
In its simplest form, the two primary ingredients for SBE are heritable, clinal variation 
within a species (i.e. primary differentiation), and the extinction of intermediate populations. 
Both ingredients are sufficiently common in nature for SBE to have contributed to standing 
species-level diversity. Due to my familiarity with avian systematics and taxonomy, most of my 
examples are focused on birds; however, the basic biogeographic patterns and taxonomic 
histories I describe are likely mirrored by other organisms throughout the tree of life. 
 Geographically structured phenotypic variation is frequent within bird species and can be 
organized along a continuum from discrete, geographically fragmented variation to continuously 
distributed clinal variation. Discrete phenotypic variation within bird species is often 
characterized taxonomically as subspecies wherein phenotypic variation is more-or-less 
homogenous within populations or geographic regions, but exhibits discontinuities between 
	 48	
regions (Remsen 1984b; Haffer 1997). In this context, the minimum requirement for SBE is 
three discrete populations, with one phenotypically intermediate population bridging the 
divergent phenotypes of the other two.  
 Approximately half of all bird species (Nspecies = 4969, Clements et al. 2016) have at least 
three subspecies. The likelihood that local extinction would result in obvious biological 
discontinuity increases with the amount of phenotypic diversity within a species (i.e. number of 
subspecies), the geographic distances across which that phenotypic diversity is distributed, and 
landscape idiosyncrasies that reduce effective population sizes (thus increasing the strength of 
genetic drift). For example, in widely distributed, highly polytypic species, extinction of 
geographically and phenotypically intermediate subspecies would likely result in taxa so widely 
disjunct and phenotypically divergent that they would be considered species. Such a scenario is 
theoretically possible for highly polytypic species such as the North American Song Sparrow 
(Melospiza melodia, discussed below), Eurasian Yellow and White wagtails (Motacilla flava and 
M. alba), and the Golden Whistler species complex (Pachycephala pectoralis/melanura) of 
Australasia (Mayr & Diamond 2001; Andersen et al. 2014). 
Because distinct, geographically discrete populations have ‘built-in’ discontinuities, it is 
more difficult to differentiate between ITD and SBE as the cause of the discontinuities. This 
applies to differentiated populations on islands, but also to fragmented, discrete continental 
populations, which from a population genetics perspective behave similarly to oceanic and 
continental islands. In a similar vein, SBE would be difficult to infer for cases of geographically 
structured variation within species that is due to the loss of secondary contact without 
reproductive isolation between previously isolated populations. For example, the disappearance 
of a hybrid zone between two differentiated taxa could conceivably result in SBE, but because 
most of the divergence accrued in geographic isolation, it is plausible that the divergence in 
isolation would, on its own, represent a significant discontinuity that could merit recognition as 
species. 
The potential for SBE is most evident when a species exhibits clinal geographic variation 
with no discrete transitions. SBE can also occur in species at this end of the discrete-to-clinal 
continuum. Natural selection can foster clinal variation (Endler 1977). For example, clinal 
phenotypic variation within species is often tightly associated with environmental gradients, 
leading to biogeographic trends such as Bergmann’s (Bergmann 1847) and Gloger’s Rules 
(Gloger 1833). Phenotypic variation described by these rules presumably reflects responses to 
different selection gradients (Zink & Remsen 1986; Patten & Pruett 2009). Because these 
environmental gradients are not necessarily correlated to each other, many more combinations of 
body size and plumage coloration are possible than if both traits varied in parallel in response to 
the same single selection gradient. The clinal variation may also be due to neutral processes. For 
example, clinal phenotypic variation can result if individuals distributed in populations along a 
linear transect only disperse to their nearest neighboring populations (stepping-stone migration 
model; Wright 1943). 
A plausible case of SBE is evident in one of the best-studied ring species, the Greenish 
Warbler (Phylloscopus trochiloides). Composed of five intergrading subspecies distributed 
around the Tibetan plateau, the two northernmost subspecies meet in Siberia and are 
reproductively isolated. Recent local extinction due to anthropogenic habitat loss has removed a 
large section of the eastern side of the ring in central China (purple and red in Fig. 4.2; Irwin et 
al. 2001b). As a result, the northern populations can now no longer exchange alleles across the 
“broken” ring of intergrading subspecies and are reproductively isolated in the region of overlap 
in Siberia. The the two halves of this broken ring could be considered distinct biological species, 
although this view has not been adopted by taxonomists (Knox et al. 2002). 
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Figure 4.2. Figure 1A from Irwin et al. (2005) representing the distribution and geographic 
variation of the Greenish Warbler (Phylloscopus trochiloides) ring species. Local extinction in 
central China has “broken” the ring of intergrading subspecies resulting in two contiguous 
populations that are reproductively isolated where they occur in sympatry in Siberia. 
 
 
There is no direct evidence that populations of the Greenish Warbler ever inhabited the ‘broken’ 
portion of the ring, but the recency and extent of forest loss in the region due to human 
disturbance makes it a reasonable assumption. Further, it is evident that extinctions and range 
shifts of that scale and much greater have been a dominant force throughout evolutionary history. 
Mass extinction events have drastically altered macroevolutionary patterns of diversification and 
anthropogenic modification of landscapes and climate are dramatically reshaping and 
fragmenting current patterns of biodiversity, and even driving extinction. 
 
Is it possible to study SBE? 
Inferring extinction is arguably the biggest problem in the study of biological 
diversification. Whereas speciation can be inferred from the observation of two species, 
extinction is the absence of an observation, rather than the observation of an absence. With only 
contemporary patterns of biogeography to examine, SBE is very difficult to distinguish from the 
standard ITD because both predict the presence of geographically isolated populations having 
sufficient morphological and/or phenotypic divergence to be considered species. However, some 
of the dynamics of SBE can be explored by examining the sensitivity of species-level taxonomy 
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to: 1) inclusion of extinct populations; 2) novel sampling of geographically intermediate 
populations; and 3) simulated extinction in empirical systems. 
Habitat modification during the Anthropocene has resulted not only in the extinction of 
countless species (Barnosky et al. 2011), but also in the fragmentation of species’ distributions 
(Myers et al. 2000; Pimm & Raven 2000). Much of this fragmentation has occurred within the 
last two centuries and has been documented through the collection of specimens curated in 
natural history museums. These collections, which provide a temporal perspective on the effect 
of habitat loss on the distribution of biological variation, are one of the few ways to observe local 
extinction. For example, assume there are two extant, allopatrically distributed populations that 
are treated as distinct species because of pronounced phenotypic and genetic divergence. Their 
allopatric distributions may be the result of recent habitat loss and, were they available, the 
inclusion of historical specimens from locally extinct, geographically intermediate localities 
could bridge the discontinuity, which would have the taxonomic effect of converting them from 
two contemporary species to one historical species. This scenario was found in the Northeastern 
Beach Tiger Beetle Cicindela d. dorsalis (Coleoptera: Carabidae). Distributed on sandy coastal 
beaches between Massachusetts and the Chesapeake Bay, C. d. dorsalis was thought to be 
extirpated from the entirety of its northern distribution by the mid-20th century (primarily due to 
beach stabilization initiatives), until a single population was discovered on the island of Martha’s 
Vineyard (Massachusetts). Goldstein and DeSalle (2003) analyzed the historical and 
contemporary distribution of a single variable base pair in the haploid mitochondrial genome. 
Extant populations in Martha’s Vineyard and New Jersey were fixed for alternate base pairs at 
this site (i.e. alternate mitochondrial haplotypes); however, historical specimens from the extinct, 
geographically intermediate populations contained both haplotypes. The fixation of this SNP, 
and thus the diagnosability of the geographic extremes, was due to the extinction of intermediate 
populations that maintained the clinal polymorphism. Although Goldstein and DeSalle (2003) 
did not argue that the fixed SNP should be used to justify species rank of the disjunct populations 
of C. d. dorsalis, this was perhaps the first empirical demonstration of how local extinction can 
lead to discontinuity in genetic variation. 
Advancements in DNA sequencing technology have allowed sequencing of DNA from 
older tissue sources, including centuries-old museum specimens and sub-fossils. For species 
showing dramatic range fragmentation, the comparison of historical and contemporary patterns 
of genetic variation provides clear examples of how local extinction may influence 
interpretations of standing genetic variation (Shepherd & Lambert 2008; Campos et al. 2010; 
Tracy & Jamieson 2011; Shepherd et al. 2012; Fulton et al. 2013; Lazaridis et al. 2014; Hofman 
et al. 2015; Parks et al. 2015; Heintzman et al. 2016). As noted earlier, Shepherd and Lambert 
(2008) first introduced the term ‘speciation-by-extinction’ in their study of species limits within 
New Zealand kiwi (Apteryx), using genetic data from both extant and extinct populations. 
Severely fragmented by habitat conversion and the introduction of mammalian predators, 
Shepherd and Lambert hypothesized that the inclusion of genetic data from extinct kiwi 
populations that were geographically sandwiched between extant populations could change the 
inferred patterns of genetic variation, relatedness, and species taxonomy. Although the inclusion 
of the pre-historic samples from extinct populations revealed a new mitochondrial clade 
(Shepherd et al. 2012) and substantially more genetic diversity than contained within just the 
contemporary samples, the pre-historic samples did not reveal a pattern of SBE (Shepherd & 
Lambert 2008). In a more recent study of another New Zealand endemic bird, the Yellowhead 
(Mohoua ochrocephala), Tracy and Jamieson (2011) found that anthropogenic habitat 
fragmentation greatly increased the amount of intraspecific genetic variation. Although 
population structure does not necessarily indicate speciation has occurred (Sukumaran & 
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Knowles 2017), the patterns observed within the Yellowhead are consistent with the concept of 
SBE. 
Comparison of historical and contemporary patterns of genetic variation will be a 
valuable tool in testing for the possibility of SBE. The plausibility of SBE is also demonstrated 
through taxonomic revisions in which separate species were lumped into a single species after 
discovery of phenotypically or genetically intermediate samples. This is essentially SBE in 
reverse, but the underlying concept is the same — the taxonomist’s perception of biological 
discontinuity is dependent on the samples available for analysis. The taxonomic history of the 
Andean Line-cheeked / Baron’s spinetail complex (Cranioleuca antisiensis-baroni) illustrates 
this nicely. Cranioleuca antisiensis was described from south-central Ecuador (Cuenca, Azuay) 
in 1859 and C. baroni from central Peru (deptos. La Libertad and Cajamarca) in 1895 (Chapman 
1923; Zimmer 1924). The descriptions were based on isolated series of specimens collected near 
the beginning of modern ornithological exploration of these countries. Subsequent collections 
from other areas of northern Peru resulted in the description of a second subspecies of C. 
antisiensis (C. a. palamblae, Chapman 1923) and two additional subspecies of C. baroni (C. b. 
capitalis, Zimmer 1924; C. b. zaratensis, Koepcke 1961). As samples from throughout their 
distributions accumulated over the years, the distributional limits of the two species became 
murkier. Collectively, the specimens revealed a complex pattern of clinal phenotypic variation in 
which it was impossible to assign populations located between the clinal extremes to either 
species (Fig. 4.3; Remsen 2003). This led Schulenberg et al. (2007) to consider C. antisiensis and 
C. baroni conspecific.  
The case of C. antisiensis-baroni is all the more striking because it has one of the widest 
elevational distributions of any Neotropical bird (950 – 4500 m; Stotz et al. 1996). Following the 
predictions of Bergmann’s Rule, the body mass of C. antisiensis-baroni increases clinally almost 
threefold along a latitudinal and elevational gradient (11.5 to 31.0 g), resulting in what may be 
the most extreme size variation per unit distance of any bird species in the world. Size and 
plumage differentiation at the extremes of the cline are as great or greater than among its 27 
congeners (Remsen 2003) and between other avian sibling species. Detailed analysis of C. 
antisiensis-baroni based on intensive geographic sampling showed that the variation in plumage 
and morphology are both clinal and that the genetic variation also shows no clear discontinuities, 
consistent with a model of isolation-by-distance (Seeholzer & Brumfield in prep). The above 
evidence supports the merger of C. antisiensis and C. baroni into a single species. Should the 
intermediate populations have gone extinct prior to ornithological exploration of the rest of the 
species’ distribution, C. antisiensis and C. baroni would remain separate species to this day. 
Cranioleuca antisiensis-baroni is unusual in the degree of divergence observed between 
the geographic extremes, but this same general pattern can be found in many other species. The 
Florida populations of the widespread Eastern Towhee (Pipilo erythropthalmus alleni) were 
initially described as a full species (P. alleni) due to their yellow irises (vs. dark red in the 
northern P. erythropthalmus) but were later lumped when birds with intermediate iris colors 
were discovered across a wide swath of the southern United States (Dickinson 1952). In Brazil, 
intense taxonomic discussion on the species limits within a trio of antbird subspecies (the 
Formicivora serrana complex) followed the description of a phenotypically and geographically 
intermediate subspecies (Firme & Raposo 2011), without which, the two remaining subspecies 
would likely be considered distinct species. Numerous other examples likely await in the tropics, 
where intraspecific variation is highest and geographic sampling lags far behind that of the 
temperate regions of North America and Europe and (Smith, Seeholzer, et al. PLoS).  
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Figure 4.3. (a) Clinal phenotypic variation of Cranioleuca antisiensis-baroni and range map of 
its current distribution. (b) Effect on distribution of phenotypic variation in Cranioleuca 
antisiensis-baroni should the center of its distribution go extinct as shown in the range map at 
right.  
 
 
 
The plausibility of SBE can also be observed by the projected effects on species-level 
taxonomy when extinction is simulated in empirical systems. Historically, species delimitation 
was based on strictly phenotypic criteria in which discontinuous clusters were inferred from 
visual inspection of series of specimens and designated species or subspecies based on the 
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taxonomic fashion of the time. In contrast, modern species-delimitation is decidedly quantitative 
and generally includes both phenotypic and genetic data. Methods for delineating species using 
genetic data abound and have been reviewed extensively (Carstens et al. 2013). In contrast to the 
armchair taxonomy of yore, these methods provide a reproducible way of delineating taxonomic 
units from a given set of genetic data independent of observer biases. In a species with 
geographic variation, SBE can be tested by collecting phenotypic and genetic data from across 
its distribution and comparing the outcome of the species delimitation methods for different 
scenarios of hypothetical extinction caused by in silico removal of geographically intermediate 
populations. The plausibility of SBE is supported if species delimitation methods for the dataset 
in which populations were removed to mimic extinction indicate there are more species than for 
the complete dataset (for example Fig. 4.3). Such an exercise would be all the more convincing if 
the populations designated for experimental extinction could be shown to be more likely to go 
extinct. This could be accomplished through direct observation of lower relative abundance or 
through niche-modelling that suggested these populations occupied less suitable environments.  
 
Additional considerations of SBE 
SBE is predicated on the view that species are human constructs, artificial categories that 
are imperfectly placed at a given point in time on the continuous process of lineage 
diversification. After SBE, there are no underlying changes in phenotypic or genetic makeup of 
the extant populations because local extinction of the intermediates does not directly impact the 
populations that persist. This is quite different from the standard model of allopatric speciation, 
ITD, which emphasizes change within populations as driving the process of speciation. The 
distinction between SBE and ITD is chiefly relevant to understanding the processes generating 
taxonomic diversity at the rank of species at a single point in time. Thus, any debate about the 
relative importance of SBE and ITD to overall lineage diversification through time will be 
unproductive, as both ultimately result in differentiated allopatric populations. 
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CHAPTER 5 
CONCLUSIONS 
 
 
 Rapid diversification may be caused by ecological adaptive radiation via niche 
divergence. In this model, speciation is coupled with niche divergence and lineage diversification 
is predicted to be correlated with rates of niche evolution. Studies of the role of niche evolution 
in diversification have generally focused on ecomorphological diversification but climatic-niche 
evolution may also be important. In Chapter 2, I tested these alternatives using a phylogeny of 
298 species of ovenbirds (Aves: Furnariidae). I found that within Furnariidae, variation in 
species richness and diversification rates of subclades were best predicted by the rate of climatic-
niche evolution rather than ecomorphological evolution. Although both are clearly important, 
univariate regression and multivariate model averaging more consistently supported the climatic-
niche as the best predictor of lineage diversification. This study adds to the growing body of 
evidence, suggesting that climatic-niche divergence may be an important driver of rapid 
diversification in addition to ecomorphological evolution. However, this pattern may depend on 
the phylogenetic scale at which rate heterogeneity is examined. 
 The results of Chapter 2 point to a prominent role for ecology in the diversification of 
Furnariidae by showing that climatic-niche divergence is correlated with speciation. I also found 
that genus Cranioleuca was an outlier in both its rate of lineage diversification and niche 
evolution. This suggests that whatever processes lead to correlated patterns of niche evolution 
and diversification are especially important to the diversification of Cranioeuca. In Chapter 3, I 
tested whether the correlations between niche divergence and lineage diversification could be 
due to ecological speciation by examining the causes and consequences of a dramatic phenotypic 
cline in Cranioleuca antisiensis. I found that body size in C. antisiensis was tightly correlated 
with decreasing temperatures, consistent with local adaptation as per Bergmann’s Rule. I found 
further support for the body size cline’s adaptive provenance with a PST-FST analysis that 
demonstrated that body size differentiation exceeded neutral genetic expectations. However, I 
could not reject a neutral origin of the plumage cline. I then assessed the relative support for 
patterns of IBA and IBD using variance partitioning. I found that IBD was, by far, the best 
explanation for genetic differentiation along the cline. Adaptive phenotypic and environmental 
divergence have been shown to reduce gene flow and have been taken as widespread evidence of 
ecological speciation’s role in diversification. I challenge this view by demonstrating that 
although natural selection is important in generating adaptive phenotypic divergence in C. 
antisiensis, its role in structuring genetic variation is limited. 
 At the phylogenetic scale of the family Furnariidae, I found that rates of niche evolution 
are correlated with rates of lineage diversification suggesting that environmental divergence 
drives speciation. The theory of ecological speciation predicts this association, but within 
Cranioleuca antisiensis, a species undergoing incipient speciation, I found no evidence for 
ecological speciation. Instead, I found that the neutral process of IBD was responsible for driving 
genetic differentiation rather than local adaptation to divergent environments (IBA). Despite its 
clear influence on patterns of morphological diversification in Furnariidae, my results from 
Chapter 3 imply that natural selection may have little impact on the reduction of gene flow 
between populations. Rather, neutral processes appear to drive genetic divergence and 
phenotypic differentiation in plumage, the most important character for species delimitation in 
bird taxonomy. Although differentiation has occurred along a cline in C. antisiensis, these same 
processes also drive divergence in allopatric populations. Should these populations occupy 
different environments a pattern of niche divergence coupled with speciation will result despite 
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natural selection’s negligible role in the speciation process. The results of this study should also 
chasten the current inclination to interpret correlations between biogeographic patterns of 
diversification and adaptive phenotypic or environmental divergence as evidence of ecological 
speciation. 
 Finally, in Chapter 4, I explored the properties of the speciation mechanism ‘speciation-
by-extinction’. This model is predicated on the view that species are a human construct and that 
speciation can be viewed as the formation of phenotypic or genetic discontinuity. Speciation-by-
extinction is an alternative to the standard model of allopatric speciation where speciation results 
from divergence accrued following the isolation of two undifferentiated populations. SBE, in 
contrast, proposes that speciation can result from the partitioning of standing phenotypic or 
genetic variation through the local extinction of intermediate populations. I show that this 
process is not dependent on the species concept used, because all species concepts, operationally, 
resort to identification of discontinuities to diagnose species. I also demonstrate that the two 
primary ingredients for SBE, intraspecific variation and local extinction, are sufficiently 
common for SBE to have contributed to standing species-level diversity and discuss some 
possible examples. The study of SBE is challenging because it is very difficult to distinguish 
from the standard model of ITD based solely on contemporary biogeographic or 
phylogeographic patterns. However, I propose that some of the dynamics of SBE can be 
explored by examining the sensitivity of species-level taxonomy to: 1) inclusion of extinct 
populations; 2) novel sampling of geographically intermediate populations; and 3) simulated 
extinction in empirical systems. 
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APPENDIX A. SUPPLEMENTARY MATERIAL FOR CHAPTER 2 
 
 
Additional methods, results, and discussion of niche evolutionary dynamics inferred 
through BAMM. Additional supporting figures for main analyses of Chapter 2. 
 
 
 
METHODS 
I modeled the evolutionary dynamics and rate heterogeneity of the ecomorphology and of 
the climatic-niche using BAMM. Similar to the diversification analysis, BAMM assumes the 
trait variation observed at the tips of the phylogeny is the result of distinct trait diversification 
regimes (Rabosky 2014). BAMM models trait evolution under a time-varying Brownian motion 
model in which the rate of change in the variance of the Brownian rate parameter may increase 
or decrease through time, analogous to BAMM’s treatment of time-varying lineage 
diversification. To assess if these analyses were sensitive to the prior, I ran BAMM for 100 
million generations (allowing for time-heterogeneous rates of niche evolution) at six different 
values for the hyperprior expectedNumberOfShifts (1, 10, 50, 100, 250, and 500) for each trait.  
 
 
 
RESULTS 
I found that for most niche axes, the posterior distribution of the total number of rate 
shifts sampled by BAMM increased when I increased the hyperprior on the expected number of 
rate shifts (expectedNumberOfShifts) from one to 500 (Appendix Fig. A.3). Yet, the number of 
rate shifts in the posterior was asymptotic between a hyperprior of 50-500 for the expected 
number of rate shifts for most niche axes. This sensitivity of the posterior distribution to the prior 
for the number of rate shifts is likely due to the inadequacy of the BM model for these traits, as 
described above. When the absolute values of the independent contrasts for each trait are plotted 
against the node height (Appendix Fig. A.4), I found that most of the variance in the traits is 
accruing at young nodes, rather than evenly across the tree. In order to accommodate the 
distribution of trait variance skewed towards the tips, the BAMM model appears to require a 
very high, and biologically unrealistic, number of shifts (16 to 58 for the mode, Appendix Fig. 
A.3). Thus, as I increased the hyperprior for the expectedNumberOfShifts this permitted 
configurations with higher numbers of shifts to be sampled, resulting in the observed increases in 
the posterior for the number of shifts. 
I was unable to draw firm conclusions about the total number of rate shifts that occurred 
in the evolution of each niche axis due to the posterior’s sensitivity to the prior. Depending on 
the prior, the mode of the posterior distribution of the number of rate shifts ranged from only a 
few shifts to almost 60 (Appendix Fig. A.3). I found that, for my niche axes, Bayes factors did 
not provide clarity as they increased exponentially with a linear increase in the number of rate 
shifts being compared to the null model at each different hyperprior. This too is likely a 
symptom of the poor fit of the BM model. In all models examined for a given niche axis, the vast 
majority of rate shifts were sampled from nodes with very low marginal posterior probabilities, 
that is, they were sampled very infrequently. This resulted in a high number of distinct shift 
configurations and thus variance in the locations of the shifts within the configurations. Because 
of this, I found the credible shift sets of the various niche axes to be difficult to compare and 
interpret. Still, rate shifts were consistently placed on a few nodes and had relatively high 
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marginal posterior probabilities, regardless of changes in the prior distribution of the number of 
rate shifts. I inferred the relative support for the locations of these shifts by transforming the 
branch lengths by the nodal marginal odds of a shift having occurred on that branch versus no 
shift (Appendix Fig. A.5). Although this does not provide evidence for the total number of shifts 
it provides a convenient visual representation of the most likely regions where shifts may have 
occurred.  
Given the consistent signal I found in the marginal odds transformed tree, I make a 
simple prediction, if the elevated rate of speciation observed in Cranioleuca were caused by 
elevated rates of niche divergence, then I expect a rate shift in niche evolution to occur in the 
same location as the speciation rate shift. Of the eight niche axes examined only two had 
evidence of rate shifts near the base of Cranioleuca, climatic-niche ePC1 and size (Appendix 
Fig. A.5). For both ePC1 and size, these occurred in almost the same location as the speciation 
rate shift. The evidence for a shift at the base of Cranioleuca was stronger for ePC1 than for size. 
I also found evidence that a second shift may have occurred at the base of a clade of Synallaxis 
spinetails for ePC1, and at the base of the cacholotes (Pseudoseisura). Although members of the 
Synallaxis clade were sampled in the PGLS analysis, their subclade was not found to have an 
elevated rate of climatic-niche evolution. In contrast, the base of Cranioleuca was the only 
location for which there was evidence for a rate shift in size. Both bill shape and wing shape 
showed evidence for rate shifts in Cranioleuca; however, these occurred at near terminal 
branches, not at the base. The shift in bill shape was driven by the monotypic Limnoctites 
rectirostris (straight-billed reedhaunter) and its exceptionally long bill. The shift in wing shape 
occurred at the base of a clade of rapidly diversifying Andean Cranioleuca, the curtata-
antisiensis-baroni complex. I do not see the predicted pattern of correlated rate shifts for ePC2, 
ePC3, leg shape, and tail shape despite some evidence for shifts having occurred in these traits. 
 
 
 
DISCUSSION 
My BAMM analyses corroborated the PGLS results, at least in part. I found that the only 
shift in the rate of speciation occurred at the base of Cranioleuca and was accompanied by 
positive shifts in the rate of climatic-niche (ePC1) and size evolution at the same location 
(Appendix Fig. A.5). This result is particularly interesting because I found no other speciation 
rate shifts in the tree. Although I found evidence suggesting other shifts in ecomorphological 
evolutionary rates in Furnariidae, particularly for leg and tail shape, only shifts in size and 
climatic-niche ePC1 were located in the same location as the speciation rate shift at the base of 
Cranioleuca. I found support for two other shift locations in bill shape and wing shape within 
Cranioleuca but these shifts were located at the tips of the tree and driven by a single divergent 
taxon in each. These rate shifts likely reflected isolated niche shifts rather than a general trend of 
niche divergence.  
I am reluctant to place too much emphasis on the BAMM results for niche evolution 
considering the deviations from BM model, which likely resulted in the observed sensitivity of 
my results to the prior on the number of rate shifts. 
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Appendix Figure A.1. Plots of univariate PGLS models for a) birth-death (db) diversification 
rate, and b) log species richness with the Cranioleuca clade removed. Data taken from MCC 
tree. Regression parameters taken from MCC tree. 
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Appendix Figure A.2. Results of BAMM diversification analysis on an expanded tree with an 
additional 66 distinct evolutionary lineages. a) Furnariid tree depicting mean branch specific 
speciation rate. Color scheme and node labeling as in Fig. 2.2. b) Furnariid tree with branch 
lengths transformed in proportion to the marginal odds for a model of one shift vs. no shift at 
each branch. Color scheme and node labeling as in Fig. 2.2. 
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Appendix Figure A.3. Depicted is the number of rate shifts with the highest posterior probability 
across six analyses where the expectedNumberOfShifts was set to one, 10, 50, 100, 250, and 
500. This expectedNumberOfShifts is the exponential hyperprior on the Poisson rate parameter 
that specifies the Poisson distribution from which the prior expectations for the number of rate 
shifts on a tree is drawn by the BAMM algorithm. Low values of expectedNumberOfShifts result 
in a heavily positively skewed exponential prior distribution whereas high values result in a 
relatively flat prior distribution of the number of rate shifts. For the majority of traits examined 
(except speciation and wing shape), the number of rate shifts in the model with the highest 
posterior probability increased as the hyperprior on the expected number of rate shifts was 
increased from one to 500. 
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Appendix Figure A.4. Absolute values of standardized independent contrasts are plotted against 
node height for each niche axis. The higher the absolute value of the independent contrast, the 
more trait variance has accrued at that node. I find that, particularly for the climatic-niche axes, 
trait variance tended to accumulate towards the tips of the tree (closer to zero on the x-axis), 
rather than evenly along the length of the tree. 
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Appendix Figure A.5. Phylogenetic trees of Furnariidae with branch lengths transformed in 
proportion to the marginal odds for a model of one shift vs. no shift at each branch for (a) 
speciation, (b) ePC1, (c) ePC2, (d) ePC3, (e) size, (f) bill shape, (g) wing shape, (h) leg shape, 
and (i) tail shape. The branches of the Cranioleuca clade are red in the transformed trees and the 
marginal odds of the top four scoring branches are below their respective branch. All results are 
from analyses where the hyperprior expectedNumbersOfShifts was set to 50. 
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Appendix Table A.1. Factor loadings and eigenvalues from the principal components analysis of 
the shape variables from the four functional units of avian external anatomy; bill, wing, leg and 
tail.  
 
Bill Shape Variables PC1 PC2 PC3 
bill (length) 0.999 -0.037 -0.015 
bill (width) -0.037 -0.734 -0.678 
bill (depth) -0.014 -0.678 0.735 
Standard Deviation 0.024 0.018 0.009 
% Variance 58.4 32.5 9.1 
    Wing Shape 
Variables PC1 PC2 PC3 
wing -0.525 0.21 0.825 
tenth primary -0.801 -0.449 -0.396 
first secondary -0.287 0.869 -0.404 
Standard Deviation 0.014 0.007 0.004 
% Variance 77.7 17.2 5.1 
    Leg Shape Variables PC1 PC2 
 tarsus 0.441 -0.897 
 hallux 0.897 0.441 
 Standard Deviation 0.017 0.01 
 % Variance 73.1 26.9 
 
    Tail Shape Variables PC1 PC2 PC3 
inner rectrix 0.167 0.146 0.975 
outer rectrix -0.634 -0.742 0.22 
inner rectrix (width) -0.755 0.654 0.032 
Standard Deviation 0.024 0.021 0.019 
% Variance 42.4 31.9 25.7 
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Appendix Table A.2. Factor loadings and eigenvalues from the principal components analysis of 
10 climatic variables. Bioclimatic variables are as follows: Alt = Elevation, Bio1 = Annual Mean 
Temperature, Bio2 = Mean Diurnal Range, Bio3 = Isothermality, Bio7 = Temperature Annual 
Range, Bio12 = Annual Precipitation, Bio14 = Precipitation of Driest Month, Bio15 = 
Precipitation Seasonality, Bio18 = Precipitation of Warmest Quarter, Bio19 = Precipitation of 
Coldest Quarter. 
 
Climatic Variable PC1 PC2 PC3 
alt -0.442 0.851 -0.071 
bio1 0.493 -0.562 0.326 
bio2 -0.768 0.343 -0.166 
bio3 0.205 0.807 0.465 
bio7 -0.693 -0.355 -0.462 
bio12 0.853 0.267 -0.081 
bio14 0.775 0.183 -0.399 
bio15 -0.563 0.148 0.471 
bio18 0.568 0.449 -0.452 
bio19 0.716 -0.051 0.232 
Standard Deviation 2.008 1.505 1.101 
% Variance 40.3 22.7 12.1 
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Appendix Table A.3. Species list of the furnariid clades sampled from the MCC tree. See 
Appendix Fig. A.1 for phylogenetic relationships of clades. Species not sampled in phylogeny 
indicated by *. 
 
Clade Species 
Xiphorhynchus Clade 1 Xiphorhynchus fuscus 
 
Xiphorhynchus spixii 
 
Xiphorhynchus elegans 
 
Xiphorhynchus chunchotambo 
 
Xiphorhynchus pardalotus 
 
Xiphorhynchus ocellatus 
Xiphorhynchus Clade 2 Xiphorhynchus triangularis 
 
Xiphorhynchus erythropygius 
 
Xiphorhynchus obsoletus 
 
Xiphorhynchus lachrymosus 
 
Xiphorhynchus flavigaster 
 
Xiphorhynchus eytoni 
 
Xiphorhynchus guttatus 
 
Xiphorhynchus susurrans 
Lepidocolaptes Lepidocolaptes souleyetii 
 
Lepidocolaptes angustirostris 
 
Lepidocolaptes albolineatus 
 
Lepidocolaptes falcinellus 
 
Lepidocolaptes squamatus* 
 
Lepidocolaptes lacrymiger 
 
Lepidocolaptes leucogaster 
 
Lepidocolaptes affinis 
Upucerthia Upucerthia validirostris 
 
Upucerthia jelskii 
 
Upucerthia saturatior 
 
Upucerthia albigula 
 
Upucerthia dumetaria 
Cinclodes Cinclodes pabsti 
 
Cinclodes aricomae 
 
Cinclodes excelsior 
 
Cinclodes palliatus 
 
Cinclodes atacamensis 
 
Cinclodes patagonicus 
 
Cinclodes nigrofumosus 
 
Cinclodes taczanowskii 
 
Cinclodes antarcticus 
 
Cinclodes fuscus 
 
Cinclodes comechingonus 
 
Cinclodes albidiventris 
 
Cinclodes olrogi 
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Cinclodes albiventris 
 
Cinclodes oustaleti 
Anabacerthia Anabacerthia striaticollis 
 
Anabacerthia amaurotis 
 
Philydor lichtensteini 
 
Anabacerthia variegaticeps 
 
Philydor ruficaudatum 
Syndactyla Syndactyla dimidiata 
 
Syndactyla rufosuperciliata 
 
Syndactyla roraimae 
 
Syndactyla ruficollis 
 
Syndactyla subalaris 
 
Syndactyla guttulata 
 
Simoxenops striatus 
 
Simoxenops ucayalae 
Automolus Hyloctistes subulatus 
 
Automolus ochrolaemus 
 
Automolus infuscatus 
 
Automolus paraensis 
 
Automolus leucophthalmus 
Leptasthenura Leptasthenura striata 
 
Leptasthenura pileata 
 
Leptasthenura fuliginiceps 
 
Leptasthenura andicola 
 
Leptasthenura aegithaloides 
Phacellodomus Phacellodomus rufifrons 
 
Phacellodomus sp.nov. Montaro* 
 
Phacellodomus sibilatrix 
 
Phacellodomus striaticeps 
 
Phacellodomus dorsalis 
 
Phacellodomus maculipectus 
 
Phacellodomus ferrugineigula 
 
Phacellodomus erythrophthalmus* 
 
Phacellodomus striaticollis 
 
Phacellodomus ruber 
Asthenes Clade 1 Asthenes anthoides 
 
Asthenes hudsoni 
 
Asthenes urubambensis 
 
Asthenes flammulata 
 
Asthenes maculicauda 
 
Asthenes virgata 
 
Asthenes humilis 
 
Asthenes modesta 
 
Asthenes sclateri 
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Asthenes wyatti 
Asthenes Clade 2 Asthenes moreirae 
 
Asthenes pyrrholeuca 
 
Asthenes harterti 
 
Asthenes coryi 
 
Asthenes perijana 
 
Asthenes griseomurina 
 
Asthenes fuliginosa 
 
Asthenes helleri 
 
Asthenes heterura* 
 
Asthenes ottonis 
 
Asthenes palpebralis 
 
Asthenes pudibunda 
 
Asthenes vilcabambae 
Cranioleuca Roraimia adusta 
 
Cranioleuca gutturata 
 
Thripophaga fusciceps 
 
Thripophaga macroura* 
 
Thripophaga cherriei 
 
Thripophaga amacurensis* 
 
Cranioleuca sulphurifera 
 
Limnoctites rectirostris 
 
Cranioleuca albiceps 
 
Cranioleuca marcapatae 
 
Cranioleuca vulpecula 
 
Thripophaga berlepschi 
 
Cranioleuca vulpina 
 
Cranioleuca muelleri 
 
Cranioleuca albicapilla 
 
Cranioleuca obsoleta 
 
Cranioleuca pallida 
 
Cranioleuca pyrrhophia 
 
Cranioleuca erythrops 
 
Cranioleuca baroni 
 
Cranioleuca antisiensis 
 
Cranioleuca curtata 
 
Cranioleuca henricae* 
 
Cranioleuca dissita 
 
Cranioleuca demissa 
 
Cranioleuca semicinerea 
 
Cranioleuca hellmayri 
 
Cranioleuca subcristata 
Synallaxis Clade 1 Synallaxis scutata 
 
Synallaxis cinerascens 
	 82	
 
Synallaxis gujanensis 
 
Synallaxis maranonica 
 
Synallaxis albilora 
Synallaxis Clade 2 Synallaxis kollari 
 
Synallaxis candei 
 
Synallaxis erythrothorax 
 
Synallaxis tithys 
 
Synallaxis castanea 
 
Synallaxis fuscorufa* 
 
Synallaxis unirufa 
 
Synallaxis cinnamomea 
 
Synallaxis cherriei 
 
Synallaxis rutilans 
Synallaxis Clade 3 Synallaxis brachyura 
 
Synallaxis subpudica 
 
Gyalophylax hellmayri 
 
Synallaxis ruficapilla 
 
Synallaxis infuscata* 
 
Synallaxis whitneyi* 
 
Synallaxis moesta 
 
Synallaxis cabanisi 
 
Synallaxis macconnelli 
 
Synallaxis hypospodia 
 
Synallaxis spixi 
 
Synallaxis albigularis 
 
Synallaxis beverlyae* 
 
Synallaxis albescens 
 
Synallaxis frontalis 
 
Synallaxis azarae 
 
Synallaxis courseni 
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Appendix Table A.5. The proportion of species missing for furnariid clades. The proportions 
were used to analytically account for missing taxa in the BAMM diversification analysis. Clade 
names refer to monophyletic groupings to which the assignment of missing taxa was 
unambiguous.  
 
Species Clade 
Proportion of Clade 
Sampled 
Glyphorynchus spirurus Glyph 1 
Dendrocolaptes hoffmannsi Den3 0.86 
Dendrocolaptes picumnus Den3 0.86 
Dendrocolaptes platyrostris Den3 0.86 
Dendrocolaptes certhia Den3 0.86 
Dendrocolaptes sanctithomae Den3 0.86 
Xiphocolaptes major Den3 0.86 
Xiphocolaptes promeropirhynchus Den3 0.86 
Xiphocolaptes falcirostris Den3 0.86 
Xiphocolaptes albicollis Den3 0.86 
Hylexetastes stresemanni Den3 0.86 
Hylexetastes perrotii Den3 0.86 
Nasica longirostris Den3 0.86 
Dendrexetastes rufigula Den3 0.86 
Xiphorhynchus fuscus Den2 1 
Xiphorhynchus spixii Den2 1 
Xiphorhynchus elegans Den2 1 
Xiphorhynchus chunchotambo Den2 1 
Xiphorhynchus pardalotus Den2 1 
Xiphorhynchus ocellatus Den2 1 
Xiphorhynchus triangularis Den2 1 
Xiphorhynchus erythropygius Den2 1 
Xiphorhynchus obsoletus Den2 1 
Xiphorhynchus lachrymosus Den2 1 
Xiphorhynchus flavigaster Den2 1 
Xiphorhynchus eytoni Den2 1 
Xiphorhynchus guttatus Den2 1 
Xiphorhynchus susurrans Den2 1 
Lepidocolaptes souleyetii Den1 0.94 
Lepidocolaptes angustirostris Den1 0.94 
Lepidocolaptes albolineatus Den1 0.94 
Lepidocolaptes falcinellus Den1 0.94 
Lepidocolaptes leucogaster Den1 0.94 
Lepidocolaptes affinis Den1 0.94 
Lepidocolaptes lacrymiger Den1 0.94 
Drymornis bridgesii Den1 0.94 
Drymotoxeres pucheranii Den1 0.94 
Campylorhamphus falcularius Den1 0.94 
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Campylorhamphus pusillus Den1 0.94 
Campylorhamphus procurvoides Den1 0.94 
Campylorhamphus trochilirostris Den1 0.94 
Dendroplex kienerii Den1 0.94 
Dendroplex picus Den1 0.94 
Sittasomus griseicapillus Den4 1 
Deconychura longicauda Den4 1 
Dendrocincla merula Den4 1 
Dendrocincla tyrannina Den4 1 
Dendrocincla homochroa Den4 1 
Dendrocincla fuliginosa Den4 1 
Dendrocincla anabatina Den4 1 
Certhiasomus stictolaemus Den4 1 
Margarornis squamiger Marg 1 
Margarornis bellulus Marg 1 
Margarornis stellatus Marg 1 
Margarornis rubiginosus Marg 1 
Premnoplex tatei Marg 1 
Premnoplex brunnescens Marg 1 
Aphrastura spinicauda Aph 0.5 
Phacellodomus striaticollis Phac 0.8 
Phacellodomus ruber Phac 0.8 
Phacellodomus ferrugineigula Phac 0.8 
Phacellodomus dorsalis Phac 0.8 
Phacellodomus maculipectus Phac 0.8 
Phacellodomus sibilatrix Phac 0.8 
Phacellodomus striaticeps Phac 0.8 
Phacellodomus rufifrons Phac 0.8 
Hellmayrea gularis Hell 1 
Coryphistera alaudina CorAnu 1 
Anumbius annumbi CorAnu 1 
Asthenes dorbignyi Dorb 0.67 
Asthenes baeri Dorb 0.67 
Asthenes luizae Asth 0.96 
Asthenes maculicauda Asth 0.96 
Asthenes virgata Asth 0.96 
Asthenes flammulata Asth 0.96 
Asthenes humilis Asth 0.96 
Asthenes modesta Asth 0.96 
Asthenes sclateri Asth 0.96 
Asthenes wyatti Asth 0.96 
Asthenes urubambensis Asth 0.96 
Asthenes anthoides Asth 0.96 
Asthenes hudsoni Asth 0.96 
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Asthenes moreirae Asth 0.96 
Asthenes pyrrholeuca Asth 0.96 
Asthenes harterti Asth 0.96 
Asthenes helleri Asth 0.96 
Asthenes ottonis Asth 0.96 
Asthenes palpebralis Asth 0.96 
Asthenes pudibunda Asth 0.96 
Asthenes vilcabambae Asth 0.96 
Asthenes coryi Asth 0.96 
Asthenes griseomurina Asth 0.96 
Asthenes fuliginosa Asth 0.96 
Asthenes perijana Asth 0.96 
Cranioleuca sulphurifera Cran 0.91 
Limnoctites rectirostris Cran 0.91 
Cranioleuca obsoleta Cran 0.91 
Cranioleuca pallida Cran 0.91 
Cranioleuca pyrrhophia Cran 0.91 
Cranioleuca albicapilla Cran 0.91 
Cranioleuca demissa Cran 0.91 
Cranioleuca hellmayri Cran 0.91 
Cranioleuca subcristata Cran 0.91 
Cranioleuca semicinerea Cran 0.91 
Cranioleuca dissita Cran 0.91 
Cranioleuca erythrops Cran 0.91 
Cranioleuca antisiensis Cran 0.91 
Cranioleuca curtata Cran 0.91 
Cranioleuca baroni Cran 0.91 
Cranioleuca vulpina Cran 0.91 
Cranioleuca muelleri Cran 0.91 
Thripophaga berlepschi Cran 0.91 
Cranioleuca vulpecula Cran 0.91 
Cranioleuca albiceps Cran 0.91 
Cranioleuca marcapatae Cran 0.91 
Cranioleuca gutturata Cran 0.91 
Thripophaga fusciceps Cran 0.91 
Thripophaga cherriei Cran 0.91 
Roraimia adusta Cran 0.91 
Siptornis striaticollis Cran 0.91 
Acrobatornis fonsecai Cran 0.91 
Xenerpestes singularis Cran 0.91 
Xenerpestes minlosi Cran 0.91 
Metopothrix aurantiaca Cran 0.91 
Certhiaxis mustelinus Syn 0.9 
Certhiaxis cinnamomeus Syn 0.9 
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Synallaxis scutata Syn 0.9 
Synallaxis cinerascens Syn 0.9 
Synallaxis gujanensis Syn 0.9 
Synallaxis maranonica Syn 0.9 
Synallaxis albilora Syn 0.9 
Siptornopsis hypochondriaca Syn 0.9 
Synallaxis stictothorax Syn 0.9 
Synallaxis zimmeri Syn 0.9 
Gyalophylax hellmayri Syn 0.9 
Synallaxis hypospodia Syn 0.9 
Synallaxis spixi Syn 0.9 
Synallaxis albigularis Syn 0.9 
Synallaxis albescens Syn 0.9 
Synallaxis frontalis Syn 0.9 
Synallaxis azarae Syn 0.9 
Synallaxis courseni Syn 0.9 
Synallaxis ruficapilla Syn 0.9 
Synallaxis moesta Syn 0.9 
Synallaxis cabanisi Syn 0.9 
Synallaxis macconnelli Syn 0.9 
Synallaxis brachyura Syn 0.9 
Synallaxis subpudica Syn 0.9 
Synallaxis castanea Syn 0.9 
Synallaxis unirufa Syn 0.9 
Synallaxis cinnamomea Syn 0.9 
Synallaxis cherriei Syn 0.9 
Synallaxis rutilans Syn 0.9 
Synallaxis tithys Syn 0.9 
Synallaxis kollari Syn 0.9 
Synallaxis candei Syn 0.9 
Synallaxis erythrothorax Syn 0.9 
Synallaxis propinqua Syn 0.9 
Schoeniophylax phryganophilus Syn 0.9 
Pseudoseisura gutturalis Pseud1 0.8 
Pseudoseisura lophotes Pseud1 0.8 
Pseudoseisura unirufa Pseud1 0.8 
Spartonoica maluroides Pseud1 0.8 
Pseudasthenes humicola Pseud2 1 
Pseudasthenes patagonica Pseud2 1 
Pseudasthenes steinbachi Pseud2 1 
Pseudasthenes cactorum Pseud2 1 
Sylviorthorhynchus desmursii Lept 1 
Leptasthenura yanacensis Lept 1 
Leptasthenura xenothorax Lept 1 
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Leptasthenura setaria Lept 1 
Leptasthenura striolata Lept 1 
Leptasthenura platensis Lept 1 
Leptasthenura striata Lept 1 
Leptasthenura pileata Lept 1 
Leptasthenura andicola Lept 1 
Leptasthenura aegithaloides Lept 1 
Leptasthenura fuliginiceps Lept 1 
Cinclodes nigrofumosus Furn 1 
Cinclodes taczanowskii Furn 1 
Cinclodes patagonicus Furn 1 
Cinclodes atacamensis Furn 1 
Cinclodes palliatus Furn 1 
Cinclodes aricomae Furn 1 
Cinclodes excelsior Furn 1 
Cinclodes antarcticus Furn 1 
Cinclodes fuscus Furn 1 
Cinclodes comechingonus Furn 1 
Cinclodes albiventris Furn 1 
Cinclodes oustaleti Furn 1 
Cinclodes olrogi Furn 1 
Cinclodes albidiventris Furn 1 
Cinclodes pabsti Furn 1 
Upucerthia validirostris Furn 1 
Upucerthia jelskii Furn 1 
Upucerthia albigula Furn 1 
Upucerthia dumetaria Furn 1 
Upucerthia saturatior Furn 1 
Geocerthia serrana Furn 1 
Phleocryptes melanops Furn 1 
Limnornis curvirostris Furn 1 
Lochmias nematura Furn 1 
Furnarius rufus Furn 1 
Furnarius cristatus Furn 1 
Furnarius minor Furn 1 
Furnarius torridus Furn 1 
Furnarius figulus Furn 1 
Furnarius leucopus Furn 1 
Premnornis guttuliger Furn 1 
Tarphonomus certhioides Furn 1 
Tarphonomus harterti Furn 1 
Pseudocolaptes lawrencii Furn 1 
Pseudocolaptes boissonneautii Furn 1 
Automolus rubiginosus Auto 1 
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Hylocryptus erythrocephalus Auto 1 
Automolus rufipectus Auto 1 
Hylocryptus rectirostris Auto 1 
Clibanornis dendrocolaptoides Auto 1 
Hyloctistes subulatus Auto 1 
Automolus infuscatus Auto 1 
Automolus paraensis Auto 1 
Automolus leucophthalmus Auto 1 
Automolus ochrolaemus Auto 1 
Automolus rufipileatus Auto 1 
Automolus melanopezus Auto 1 
Thripadectes scrutator Auto 1 
Thripadectes flammulatus Auto 1 
Thripadectes ignobilis Auto 1 
Thripadectes melanorhynchus Auto 1 
Thripadectes rufobrunneus Auto 1 
Thripadectes virgaticeps Auto 1 
Thripadectes holostictus Auto 1 
Philydor rufum Auto 1 
Philydor erythropterum Auto 1 
Ancistrops strigilatus Auto 1 
Syndactyla dimidiata Auto 1 
Syndactyla rufosuperciliata Auto 1 
Syndactyla roraimae Auto 1 
Syndactyla guttulata Auto 1 
Simoxenops striatus Auto 1 
Simoxenops ucayalae Auto 1 
Syndactyla ruficollis Auto 1 
Syndactyla subalaris Auto 1 
Anabacerthia striaticollis Auto 1 
Anabacerthia amaurotis Auto 1 
Philydor lichtensteini Auto 1 
Anabacerthia variegaticeps Auto 1 
Philydor ruficaudatum Auto 1 
Philydor erythrocercum Auto 1 
Philydor fuscipenne Auto 1 
Megaxenops parnaguae Auto 1 
Cichlocolaptes leucophrus Auto 1 
Heliobletus contaminatus Auto 1 
Philydor atricapillus Auto 1 
Philydor pyrrhodes Auto 1 
Anabazenops fuscus Auto 1 
Anabazenops dorsalis Auto 1 
Ochetorhynchus andaecola Oche 1 
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Ochetorhynchus melanurus Oche 1 
Ochetorhynchus phoenicurus Oche 1 
Ochetorhynchus ruficaudus Oche 1 
Pygarrhichas albogularis Oche 1 
Microxenops milleri Oche 1 
Berlepschia rikeri Berl 1 
Xenops minutus Xenops 1 
Xenops rutilans Xenops 1 
Xenops tenuirostris Xenops 1 
Geositta peruviana Sclerurinae 1 
Geositta tenuirostris Sclerurinae 1 
Geositta punensis Sclerurinae 1 
Geositta cunicularia Sclerurinae 1 
Geositta poeciloptera Sclerurinae 1 
Geositta crassirostris Sclerurinae 1 
Geositta rufipennis Sclerurinae 1 
Geositta maritima Sclerurinae 1 
Geositta isabellina Sclerurinae 1 
Geositta saxicolina Sclerurinae 1 
Geositta antarctica Sclerurinae 1 
Sclerurus scansor Sclerurinae 1 
Sclerurus albigularis Sclerurinae 1 
Sclerurus caudacutus Sclerurinae 1 
Sclerurus guatemalensis Sclerurinae 1 
Sclerurus mexicanus Sclerurinae 1 
Sclerurus rufigularis Sclerurinae 1 
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Appendix Table A.6. Model-averaged parameter estimates from phylogenetic generalized least 
squares regression, excluding the Cranioleuca clade, to examine univariate and multivariate 
relationships between rates of niche evolution and lineage diversification across independent 
furnariid clades; a) birth-death rate, b) log species richness. Note wtAICc* values are the summed 
wtAICc values for each model from the total model set containing the predictor variable. Top 
models are in bold.  
 
 
Response Predictor β+/-SE wtAICc* 
A. div. rate (bd) crown age 34.485+/-5.042 0.083 
 
div. rate (bd) ePC1 rate 0.012+/-0.024 0.764 
 
div. rate (bd) ePC2 rate 0.021+/-0.009 0.617 
 
div. rate (bd) ePC3 rate 0.04+/-0.008 0.133 
 
div. rate (bd) size rate 61.941+/-5.599 0.43 
 
div. rate (bd) bill shape rate 91.982+/-13.737 0.305 
 
div. rate (bd) leg shape rate 87.056+/-22.156 0.423 
 
div. rate (bd) tail shape rate 90.28+/-46.893 0.626 
 
div. rate (bd) wing shape rate 38.215+/-6.313 0.111 
     B. log richness crown age 491.907+/-225.903 0.664 
 
log richness ePC1 rate 0.052+/-0.162 0.921 
 
log richness ePC2 rate 0.024+/-0.001 0.294 
 
log richness ePC3 rate 0.05+/-0.005 0.228 
 
log richness size rate 101.392+/-8.076 0.096 
 
log richness bill shape rate 174.392+/-19.657 0.114 
 
log richness leg shape rate 456.47+/-53.879 0.565 
 
log richness tail shape rate 270.862+/-69.632 0.423 
 
log richness wing shape rate 150.631+/-6.965 0.091 
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APPENDIX B. SUPPLEMENTARY MATERIAL FOR CHAPTER 3 
 
 
SUPPORTING METHODS AND FIGURES 
Details on the collection of phenotypic data, identification of outlier loci, and the creation 
of the distribution model for Cranioleuca antisiensis. 
 
Phenotypic measurements 
I obtained morphological and spectrophotometric data for 83% and 60%, respectively, of 
the genetic samples depending on the availability of their vouchers (Table 3.1). I measured bill 
length, bill depth, bill width, wing length, tarsus length, hallux length, maximum and minimum 
tail length, and tail feather width. Juveniles and birds in molt were not measured. Details on 
these measurements can be found in Claramunt (2010). I took all measurements with a Mitutoyo 
Digimatic Point Caliper.  
Body mass may fluctuate in a sedentary bird for reasons such as changes in resource 
availability (Vafidis et al. 2014), seasonality (Lehikoinen 1987; Rintamäki et al. 2003), or 
breeding condition (Moreno 1989). Therefore, I used the first principal component of the 
morphological dataset as an alternative metric of body size (Jolicoeur 1963; Rising & Somers 
1989). This metric is derived from skeletal and plumage features, which are not as plastic as 
body mass. Principal component analysis (PCA) requires a complete data matrix, yet because 
some linear measurements could not be obtained from certain damaged specimens, I imputed 
these values using Bayesian PCA (pca in the R package pcaMethods, Stacklies et al. 2007) and 
retained PC1 (hereafter mPC1). Bayesian PCA has been shown to be the most robust estimation 
method for missing morphological data (Brown et al. 2012). mPC1 explained 89% of the 
morphological variation and was correlated with body mass (Pearson correlation = 0.90). 
 I quantified plumage coloration for all available specimens by collecting plumage 
reflectance spectra. I used a USB2000 spectrophotometer (Ocean Optics, Denedin, Fl) with an 
Ocean Optics PX-2 pulsed xenon light source connected to a bifurcated optical fiber probe. 
Reflectance spectra were measured at a standardized 6 mm from the focal surface at an angle of 
90°. I used the OceanView software to integrate spectrophotometric data. I recorded reflectance 
for nine plumage patches (crown, back, rump, tail, belly, breast, throat, wing, and cheek). For 
each specimen, I took three reflectance measurements between 300 and 700 nm for each patch. 
These were averaged for subsequent analysis. Although this method is not able to quantify the 
variation in plumage patterning, plumage patterning is correlated with plumage coloration in this 
species (Appendix Fig. B.1 , GFS personal observation).  
 I analyzed reflectance spectra using Goldsmith’s (1990) tetrahedral color space, which 
quantifies color based on avian visual perception. I processed the raw reflectance spectra 
following Cornuault et al.(2015), where additional details can be found. Briefly, I used the 
spectral sensitivity function of the blue tit (Hart et al. 2000) to determine the relative stimulation 
levels of the four avian cones. The blue tit was the closest relative of C. antisiensis for which a 
spectral sensitivity function was available and both species occupy similar light environments. I 
then converted the cone stimulation values into a vector of three angles that placed the color in 
avian tetrahedral color space. I also used a fourth metric, normalized brilliance (Stoddard and 
Prum 2008). This resulted in 36 total color metrics summarizing the plumage of each specimen  
(nine plumage patches multiplied by four color metrics per patch). I computed the principal 
components of this data matrix and retained PC1 for each specimen as my overall plumage score 
(hereafter referred to as plumage). 
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Identification of outlier loci 
 I identified and excluded loci potentially under selection using the program bayenv2  
(Coop et al. 2010; Günther & Coop 2013). Bayenv2 is well suited to this study for several 
reasons. First, bayenv2 performs well in a demographic scenario of IBD, while many other 
outlier detection approaches have high false-positive rates when demographic history deviates 
from an island model (Lotterhos & Whitlock 2014). Second, the strong negative correlation 
between body mass and temperature provides a priori evidence of natural selection acting on 
body size variation per Bergmann’s rule (James 1970). Finally, outlier tests that explicitly 
incorporate the phenotype under selection (in this case body mass) or the selective pressure 
(elevation/temperature) are expected to have more power to identify putative causal loci than 
those agnostic to phenotype or selective pressures (Rellstab et al. 2015). 
Bayenv2 first estimates an empirical covariance matrix of allele frequencies between 
populations. Ideally, only neutral loci should be used in its calculation. Yet, with no a priori 
means of filtering out putatively non-neutral loci, I estimated the covariance matrix using all loci. 
Simulations indicate that inclusion of a moderate number of loci under selection under a 
demographic model of IBD has little impact on the performance of Bayenv2 (Lotterhos & 
Whitlock 2014). I averaged the covariance matrices output by Bayenv2 every 500th iteration over 
a total of 500,000 iterations. Following Coop et al. (2010), I converted the covariance matrix to a 
correlation matrix (R function cov2cor) and compared the estimates to pairwise FST estimates 
(see section Population Structure in main text) to look for outliers which might indicate poor 
MCMC convergence or mislabeled populations. I found no such outliers. 
I calculated Bayes factors (BFs) for each SNP individually to test the hypothesis that 
allele frequencies and trait variation co-vary linearly across populations in excess of the null 
model provided by the average covariance matrix. I used the same set of environmental variables 
used for distribution modeling as well as body mass (see Appendix B). These variables were 
normalized following the recommendations of the authors (Coop et al. 2010). I ran each SNP-by-
trait comparison for a total of 100,000 iterations across 10 independent runs with different 
random seeds. I averaged the BF values for each SNP-by-trait comparison across these 10 runs. 
The significance of Bayenv2 BF values can be assessed by comparing individual SNP 
values to an empirical distribution of BF values from neutral loci (Coop et al. 2010). Because I 
had no information about my loci with which to assess their neutrality a priori, I instead ranked 
each locus by its BF value for each trait. I then computed the 0.95 quantile threshold value for 
each trait (Schweizer et al. 2015). Because these empirical quantile thresholds may result in very 
small BF values, I also imposed a minimum quantile threshold of three, which should be 
conservative with respect to categorizing loci as putatively neutral. I considered loci with BFs 
greater than the quantile threshold for any trait as outliers and all others as neutral. 
 
Environmental Variation and Niche Modeling 
I used MAXENT to model the distribution of C. antisiensis based on presence localities, 
a set of randomly generated pseudo-absence localities, and environmental data. I obtained 
locality records from three sources: specimens, audio-recordings and observational records. 
Specimen records were obtained from ORNIS (www.ornisnet.org). Audio records were obtained 
from Macaulay Library of Natural Sounds (Cornell Lab of Ornithology) and Xeno-Canto 
(www.xeno-canto.org). I vetted the coordinates of all documented records (both specimens and 
recordings) included in this study for accuracy using gazetteers. The third group of records came 
from observational data gathered by the eBird citizen science initiative (May 2013 release, 
Sullivan et al. 2009), which are vetted by expert review (www.ebird.org). To further ensure 
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accuracy, I applied additional filters to the observational records.  All records were plotted onto 
satellite imagery to ensure they were located in appropriate habitat. I then thinned all localities so 
that no two localities occurred within 2 km of each other. I retained a total of 134 localities (Fig. 
2). 
 I generated random pseudo-absence localities by randomly sampling 5,000 localities 
from the background environmental space of C. antisiensis. I defined the background area as the 
area enclosed by the union of 50 km diameter circles plotted around each sampling locality. I 
used the function gUnaryUnion in the rgeos package to remove the boundaries where the 50 km 
diameter circles overlapped. Trial runs with circle diameters from five to 100 km indicated that 
50 km diameter circles resulted in the best model performance for this species as judged by the 
area-under-the-curve statistic (AUC) and visual examination of the resulting distribution models. 
I extracted elevation and 19 bioclimatic variables from the BioClim database of present-
day climatic conditions (Hijmans et al. 2005). The habitat preferences of C. antisiensis are only 
coarsely captured by bioclimatic data, I therefore also used two direct metrics of habitat, percent 
tree cover (TREE) and Normalized Difference Vegetation Index (NDVI). Data for percent tree 
cover was from the year 2001 (Hansen et al. 2013) and available at 
http://earthenginepartners.appspot.com/science-2013-global-forest/download_v1.2.html. I 
obtained NDVI data from the MODIS AVHHR Global 1 K database 
(https://lta.cr.usgs.gov/NDVI). All raster imagery was resampled to a resolution of 30-arc 
seconds using the R package raster. 
 I used MAXENT as implemented in the R package dismo (Hijmans et al. 2013) to 
developed a distributional model of C. antisiensis using as input the 20 environmental variables, 
presence, and pseudo-absence localities. I used one-fifth of my presence and pseudo-absence 
points for model evaluation and the remaining points for model training. I calculated the AUC 
statistic to evaluate model performance for both the training and testing datasets. The 
performance of my training dataset was high (AUC = 0.93); however, my test dataset performed 
relatively poorly (AUC = 0.77). This is likely due to the highly divergent environments at the 
extremes of the species’ distribution. I then projected the model onto the landscape given the 
environmental data. The distribution of C. antisiensis habitat is patchy, particularly in the south, 
where it occurs in two discrete habitats: a narrow band of humid montane scrub at mid-
elevations and small tracts of Polylepis forest at high elevations, which are separated by large 
areas of inhospitable habitat such as arid intermontane valleys or treeless puna grassland. 
Preliminary analysis indicated that MAXENT was over-projecting into these inhospitable 
habitats. To obtain a distribution model that more closely approximated the known habitat 
constraints of C. antisiensis based on my extensive field experience with the species, I edited the 
rasterized distributional model to create a biologically informed improvement of the raw model. 
Specifically, I converted all raster cells with presence probabilities below 0.1 to 0.001, signifying 
very unsuitable environment. I did likewise for raster cells below 1000 m and above 4700 m (the 
lower and upper elevational limits of C. antisiensis). These two modifications dealt with over-
projection into puna grassland and arid intermontane valleys. However, the model was still 
projected into many intervening areas of inhospitable habitat. Therefore, I manually changed the 
presence probability of all cells with unsuitable habitat to 0.001. Unsuitable habitat was 
identified with satellite images from GoogleEarth and the regional elevational limits of the 
species’ preferred habitats based on my field experience with the species. All manual editing was 
performed in QGIS (QGIS Development Team 2009).  
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Appendix Figure B.1. (a) Representatives of the phenotypic cline of Cranioleuca antisiensis 
taken from points along the north (left) to south (right) transect. b) Side-by-side comparison of 
the phenotypic extremes. Upper specimen from Cerros de Amotape, Tumbes (pop. 1). Lower 
specimen from La Quinua, Pasco (pop. 15). 
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Appendix Figure B.2. Comparison of three alternative metrics of pairwise distance among populations. Pairwise FST among populations of C. 
antisiensis against pairwise geographic, least-cost path based on raw MAXENT output, and refined least-cost path distance (dispersal 
distance), which is what I used in final analyses. Regression lines for significant univariate MMRR. Solid line for all populations, dashed line 
for regression with SW slope populations excluded. 
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Appendix Figure B.3. Dispersal distance is still the single most important predictor of genetic 
distance among populations of C. antiensis based on a commonality analysis of the multivariate 
model FST ~ DIST + ELE + ENV + SIZE, where SIZE was substituted for MASS. The 15 
commonality coefficients from this analysis represent the percent variance of the pairwise FST 
values among populations explained by each set of predictors. The percent total, summing to 
100, represents the proportion of the variance explained by the overall multivariate model 
contributed by each predictor set. The confidence intervals were computed with a bootstrap 
procedure, 1000 replicates of a random selection of 90% of the 19 populations without 
replacement. The unique effects (U) of each of the four predictor variables are found in the first 
four rows.  
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Appendix Figure B.4. ADMIXTURE assignment probabilities to ancestral populations for K = 
2-11. Numbers on x-axis are population codes in Table 3.1. 
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Appendix Figure B.5. The cross-validation error rates from ADMIXTURE runs of K=1-12. 
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Appendix Figure B.6. The effects of dispersal distance are indistinguishable from those of body 
mass on genetic distance among populations of C. antiensis based on a commonality analysis of 
the multivariate model FST ~ DIST + ELE + ENV + SIZE, where the SW slope populations were 
excluded. The 15 commonality coefficients from this analysis represent the percent variance of 
the pairwise FST values among populations explained by each set of predictors. The percent total, 
summing to 100, represents the proportion of the variance explained by the overall multivariate 
model contributed by each predictor set. The confidence intervals were computed with a 
bootstrap procedure, 1000 replicates of a random selection of 90% of the 19 populations without 
replacement. The unique effects (U) of each of the four predictor variables are found in the first 
four rows. 
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Appendix Figure B.7. The relationship between individual body mass and genetic PC2, 
calculated after excluding outlier loci. Symbology as in Figure 4. 
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Appendix Figure B.8. The distribution of critical c/h2 values when four non-SW slope 
populations were removed at random. Depicted are histograms of the critical c/h2 values for body 
mass, mPC1, and plumage for 100 datasets where, for each dataset, I excluded four populations 
at random that were not from the SW slope. The solid vertical line is the critical c/h2 value for all 
populations, and the dashed vertical line is the critical c/h2 value when the SW slope populations 
were excluded.  
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VITA 
 
Glenn Fairbanks Seeholzer was born January 17, 1986, in Philadelphia, Pennsylvania. His 
parents engaged him with the outdoors from a young age, but it was only after getting glasses at 
age 13 did his passion for birds begin. Shortly after, his grandfather, a long-time birder and 
naturalist, gave Glenn a field guide to the birds of North America and he was hooked. His 
passion for birds was fueled during high school by field trips with local bird clubs and birding 
camps in the western United States. His first exposure to ornithology came during a visit to the 
Adirondack home of Bud Lanyon, a former American Museum of Natural History curator of 
birds, to learn bird banding. He followed his passion for birds to Cornell University, where, 
during his undergraduate studies, he became involved in museum science at the Cornell 
University Museum of Vertebrates. Not coincidentally, the museum was housed in the same 
building as the Cornell Lab of Ornithology, whose faculty, staff, and graduate students further 
encouraged Glenn’s interest in ornithology. During this period, Glenn began his travels in the 
Neotropics. His first summer was at the Tambopata Research Center (Madre de Dios, Peru) 
studying macaw life history, which was followed by a month-long birding trip in the southern 
Peruvian Andes. The next summer, he was as a field assistant at Los Amigos Research Station 
(Madre de Dios, Peru) gathering data on raptor toxicology. During his time at Los Amigos, he 
collected data for his undergraduate thesis on the specialist avifauna of Mauritia flexuosa palm 
swamps. While at Cornell, he became friends with Ben Winger and Mike Harvey, who shared 
his passion for Neotropical ornithology. Together, the three planned an ornithological inventory 
expedition to a remote, unexplored mountain range in central Peru, the Cerros del Sira. In August 
of 2008, a few months after they graduated from Cornell, they set out on an ambitious multi-
month expedition to the region. This expedition was the seminal experience of Glenn’s career. 
The grueling expedition gave him first-hand experience with the rigors of fieldwork in the 
Neotropics and further whetted his appetite for adventure and discovery. The expedition was also 
a major ornithological success resulting in a detailed manuscript on the avifauna of the region 
and the discovery of a new species of barbet, Capito fitzpatricki. During this trip, Glenn became 
interested in the Cranioleuca antisiensis system, which inspired him to pursue his graduate 
studies at Louisiana State University Museum of Natural Science. He is a candidate to graduate 
with a PhD from Louisiana State University. 
